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APPENDIX A. PBPK MODELING OF TCE AND METABOLITES-DETAILED
METHODS AND RESULTS

A.1. THE HIERARCHICAL BAYESIAN APPROACH TO CHARACTERIZING
PHYSIOLOGICALLY BASED PHARMACOKINETIC (PBPK) MODEL
UNCERTAINTY AND VARIABILITY

The Bayesian approach for characterizing uncertainty and variability in PBPK model
parameters, used previously for trichloroethylene (TCE) in Bois (2000a, b) and Hack et al.
(2006), is briefly described here as background. Once a physiologically based pharmacokinetic
(PBPK) model structure is specified, characterizing the model reduces to calibrating and making
inferences about model parameters. The use of least-squares point estimators is limited by the
large number of parameters and small amounts of data. The use of least-squares estimation is
reported after imposing constraints for several parameters (Fisher, 2000; Clewell et al., 2000).
This is reasonable for a first estimate, but it is important to follow-up with a more refined
treatment. This is implemented by a Bayesian approach to estimate posterior distributions on the
unknown parameters, a natural choice, and almost a compulsory consequence given the large
number of parameters and relatively small amount of data, and given the difficulties of
frequentist estimation in this setting.

As described by Gelman et al. (1996), the Bayesian approach to population PBPK
modeling involves setting up the overall model in several stages. A nonlinear PBPK model, with
predictions denoted £, describes the absorption, distribution, metabolism, and excretion of a
compound and its metabolites in the body. This model depends on several, usually known,
parameters such as measurement times ¢, exposure £, and measured covariates ¢. Additionally,
each subject 7 in a population has a set of unmeasured parameters 6,. A random effects model
describes their population variability P(6; | w, £%), and a prior distribution P(p, £) on the
population mean p and covariance X (often assumed to be diagonal) incorporates existing
scientific knowledge about them. Finally, a “measurement error” model P(y | /0, ¢, E, t], 6°)
describes deviations (with variance 6°) between the data y and model predictions ' (which of
course depends on the unmeasured parameters 6, and the measured parameters ¢, £, and ¢). This
“measurement error” level of the hierarchical model typically also encompasses intraindividual
variability as well as model misspecification, but for notational convenience we refer to it here as
“measurement error.” Because these other sources of variance are lumped into a single
“measurement error,” a prior distribution of its variance o* must be specified even if the actual
analytic measurement error is known. All these components are illustrated graphically in

Figure A-1.
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Figure A-1. Hierarchical population statistical model for PBPK model
parameter uncertainty and variability (see Gelman et al., 1996). Square nodes
denote fixed or observed quantities; circle notes represent uncertain or unobserved
quantities, and the nonlinear model outputs are denoted by the inverted triangle.
Solid arrows denote a stochastic relationship represented by a conditional
distribution [A— B means B ~ P(B|A)], while dashed arrows represent a function
relationship [B =f(4)]. The population consists of groups (or subjects) i, each of
which undergoes one or more experiments j with exposure parameters £;; with
data y; collected at times #;. The PBPK model produces outputs f;; for comparison
with the data y;. The difference between them (“measurement error’”) has
variance o7, with a fixed prior distribution Pr, which in this case is the same for
the entire population. The PBPK model also depends on measured covariates ¢;
(e.g., body weight) and unobserved model parameters 0; (e.g., Vmax). The
parameters 0; are drawn from a population with mean p and variance X% each of
which is uncertain and has a prior distribution assigned to it.
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The posterior distribution for the unknown parameters is obtained in the usual manner by
multiplying (1) the prior distribution for the population mean and variance and the
“measurement” error P(u1, %) P(c”), (2) the population distribution for the individual parameters
P(8 | n, =), and (3) the likelihood P(y | 0, 6°), where for notational convenience, the dependence
on f, ¢, E, and ¢ (which are taken as fixed for a given dataset) is dropped:

PO, 1, 2%, 6* |y) o< P(u, =) P(6”) PO | 1, =) P(y | 6, ©°) (Eq. A-1)

Here, each subject’s parameters 6, have the same sampling distribution (i.e., they are

independently and identically distributed), so their joint prior distribution is
PO | 1, 2%) = [Te1.0 PO; | 1, 27) (Eq. A-2)

Different experiments j = 1...n; may have different exposure and different data collected and
different time points. In addition, different types of measurements £ = 1...n; (e.g., TCE blood,
TCE breath, trichloroacetic acid [TCA] blood, etc.) may have different errors, but errors are
otherwise assumed to be iid. Since the individuals are treated as independent given 0;_,, the

total likelihood function is simply

P10, 6" =TTt [T-tomi [Tietom TTiet. vk POrjat | 05 047, i) (Eq. A-3)

where 7 1s the number of subjects, n;; is the number of experiments in that subject, m is the
number of different types of measurements, Ny is the number (possibly 0) of measurements
(e.g., time points) for subject i of type k in experiment j, and #;; are the times at which
measurements for individual i of type & were made in experiment ;.

Given the large number of parameters, complex likelihood functions, and nonlinear
PBPK model, Markov chain Monte Carlo (MCMC) simulation was used to generate samples
from the posterior distribution. An important practical advantage of MCMC sampling is the
ability to implement inference in nearly any probability model and the possibility to report
inference on any event of interest. MCMC simulation was introduced by Gelfand and Smith
(1990) as a generic tool for posterior inference. See Gilks et al. (1996) for a review. In addition,
because many parameters are allowed to vary simultaneously, the local parameter sensitivity

analyses often performed with PBPK models (in which the changes in model predictions are
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assessed with each parameter varied by a small amount) are unnecessary.' In the context of
PBPK models, the MCMC simulation can be carried out as described by Hack et al. (2006). The
simulation program MCSim (version 5.0.0) was used to implement MCMC posterior simulation,
with analysis of the results performed using the R statistical package. Simulation-based
parameter estimation with MCMC posterior simulation gives rise to an additional source of
uncertainty. For instance, averages computed from the MCMC simulation output represent the
desired posterior means only asymptotically, in the limit as the number of iterations goes to
infinity. Any implementation needs to include a convergence diagnostic to judge practical
convergence. The potential scale-reduction-factor convergence diagnostic R of Gelman et al.
(1996) was used here, as it was in Hack et al. (2006).

A.2. EVALUATION OF THE HACK ET AL. (2006) PHYSIOLOGICALLY BASED
PHARMACOKINETIC (PBPK) MODEL

U.S. Environmental Protection Agency (U.S. EPA) obtained the original model code for
the version of the TCE PBPK model published in Hack et al. (2006) and conducted a detailed
evaluation of the model, focusing on the following areas: convergence, posterior estimates for

model parameters, and comparison of model predictions with in vivo data.

A.2.1. Convergence

As noted in Hack et al. (2006), the diagnostics for the MCMC simulations (3 chains of
length 20,000—25,000 for each species) indicated that additional samples might further improve
convergence. A recent analysis of tetrachloroethylene pharmacokinetics indicated the need to be
especially careful in ensuring convergence (Chiu and Bois, 2006). Therefore, the number of
MCMC samples per chain was increased to 75,000 for rats (first 25,000 discarded) and 175,000
for mice and humans (first 75,000 discarded). Using these chain lengths, the vast majority of the
parameters had potential scale reduction factors R < 1.01, and all population parameters had
R <1.05, indicating that longer chains would be expected to reduce the standard deviation (or
other measure of scale, such as a confidence interval) of the posterior distribution by less than
this factor (Gelman et al., 2004).

"In particular, local sensitivity analyses are typically used to assess the impact of alternative parameter estimates on
model predictions, inform experimental design, or assist prioritizing risk assessment research. Only the first purpose
is relevant here; however, the full uncertainty and variability analysis allows for a more comprehensive assessment
than can be done with sensitivity analyses. Separately, such analyses could be done to design experiments and
prioritize research that would be most likely to help reduce the remaining uncertainties in TCE toxicokinetics, but
that is beyond the scope of this assessment.
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In addition, analysis of autocorrelation within chains using the R-CODA package
(Plumber et al., 2008) indicated that there was significant serial correlation, so additional
“thinning” of the chains was performed in order to reduce serial correlations. In particular, for
rats, for each of three chains, every 100" sample from the last 50,000 samples was used; and for
mice and humans, for each of three chains, every 200" sample from the last 100,000 samples
was used. This thinning resulted in a total of 1,500 samples for each species available for use for
posterior inference.

Finally, an evaluation was made of the “convergence” of dose metric predictions—that is,
the extent to which the standard deviation or confidence intervals for these predictions would be
reduced with additional samples. This is analogous to a “sensitivity analysis” performed so that
most effort is spent on parameters that are most influential in the result. In this case, the purpose
is to evaluate whether one can sample chains only long enough to ensure convergence of
predictions of interest, even if certain more poorly identified parameters take longer chains to
converge. The motivation for this analysis is that for a more complex model, running chains
until all parameters have R < 1.01 or 1.05 may be infeasible given the available time and
resource. In addition, as some of the model parameters had prior distributions derived from
“visual fitting” to the same data, replacing those distributions with less informative distributions
(in order to reduce bias from “using the same data twice”) may require even longer chains for
convergence.

Indeed, it was found that R-values for dose metric predictions approached one more
quickly than PBPK model input parameters. The most informative simulations were for mice,
which converged the slowest and, thus, had the most potential for convergence-related error.
Results for rats could not be assessed because the model converged so rapidly, and results for
humans were similar to those in mice, though the deviations were all less because of the more
rapid convergence. In the mouse model, after 25,000 iterations, many PBPK model parameters
had R-values >2, with more than 25% greater than 1.2. However, all dose metric predictions had
R < 1.4, with the more than 96% of then <1.2 and the majority of them <1.01. In addition, when
compared to the results of the last 100,000 iterations (after the total of 175,000 iterations), more
than 90% of the medians estimates shifted by less than 20%, with the largest shifts less than 40%
(for glutathione [GSH] metabolism dose metrics, which had no relevant calibration data). Tail
quantiles had somewhat larger shifts, which was expected given the limited number of samples
in the tail, but still more than 90% of the 2.5 and 97.5 percentile quantiles had shifts of less than
40%. Again, the largest shifts, on order of 2-fold, were for GSH-related dose metrics that had

high uncertainty, so the relative impact of limited sample size is small.
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Therefore, the additional simulations performed in this evaluation, with 3- to 7-fold
longer chains, did not result in much change in risk assessment predictions from the original
Hack et al. (2006) results. Thus, assessing prediction convergence appears sufficient for

assessing convergence of the TCE PBPK model for the purposes of risk assessment prediction.

A.2.2. Evaluation of Posterior Distributions for Population Parameters

Posterior distributions for the population parameters were first checked for whether they
appeared reasonable given the prior distributions. Inconsistency between the prior and posterior
distributions may indicate an insufficiently broad prior distribution (i.e., overconfidence in their
specification), a mis-specification of the model structure, or an error in the data. Parameters that
were flagged for further investigation were those for which the interquartile ranges (intervals
bounded by the 25" and 75™ percentiles) of the prior and posterior distributions did not overlap.
In addition, lumped metabolism and clearance parameters for TCA, trichloroethanol (TCOH),
and trichloroethanol-glucuronide conjugate (TCOG) were checked to make sure that they
remained physiological—e.g., metabolic clearance was not more than hepatic blood flow and
urinary clearance not more than kidney blood flow (constraints that were not present in the Hack
et al., 2006 priors).

In mice, population mean parameters that had lack of overlap between priors and
posteriors included the affinity of oxidative metabolism (InKy,), the TCA plasma-blood
concentration ratio (INTCAPIlas), the TCE stomach to duodenum transfer coefficient (InKTSD),
and the urinary excretion rates of TCA and TCOG (InkUrnTCAC and InkUrnnTCOGC). For Ky,
this is not unexpected, as previous investigators have noted inconsistency in the Ky values
between in vitro values (upon which the prior distribution was based) and in vivo values derived
from oral and inhalation exposures in mice (Abbas and Fisher, 1997; Greenberg et al., 1999).
For the other mean parameters, the central estimates were based on visual fits, without any other
a priori data, so it is reasonable to assume that the inconsistency is due to insufficiently broad
prior distributions. In addition, the population variance for the TCE absorption coefficient from
the duodenum (kAD) was rather large compared to the prior distribution, likely due to the fact
that oral studies included TCE in both oil and aqueous solutions, which are known to have very
different absorption properties. Thus, the larger population variance was required to
accommodate both of them. Finally, the estimated clearance rate for glucurondiation of TCOH
was substantially greater than hepatic blood flow. This is an artifact of the one-compartment
model used for TCOH and TCOG, and suggests that first pass effects are important for TCOH

glucurondiation. Therefore, the model would benefit from the additional of a separate liver
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compartment so that first pass effects can be accounted for, particularly when comparing across
dose-routes.

In rats, the only population mean or variance parameter for which the posterior
distribution was somewhat inconsistent with the prior distribution was the population mean for
the InKy;. While the interquartile regions did not overlap, the 95 percentile regions did, so the
discordance was relatively minor. However, as with mice, the estimated clearance rate for
glucurondiation of TCOH was substantially greater than hepatic blood flow.

In humans, some of the chemical-specific parameters for which priors were established
using visual fits had posterior distributions that were somewhat inconsistent, including the
oxidative split between TCA and TCOH, biliary excretion of TCOG (InkBileC), and the TCOH
distribution volume (VBodC). More concerning was the fact that the posterior distributions for
several physiological volumes and flows were rather strongly discordant with the priors and/or
near their truncation limits, including gut, liver, and slowly perfused blood flow, the volumes of
the liver and rapidly perfused compartments. In addition, a number of tissue partition
coefficients were somewhat inconsistent with their priors, including those for TCE in the gut,
rapidly perfused, and slowly perfused tissues, and TCA in the body and liver. Finally, a number
of population variances (for TCOH clearance [CITCOHC], urinary excretion of TCOG
[kUrnTCOGC], ventilation-perfusion ratio [VPR], cardiac output [QCC], fat blood flow and
volume [QFatC and VFatC], and TCE blood-air partition coefficient [PB])were somewhat high
compared to their prior distributions, indicating much greater population variability than

expected.

A.2.3. Comparison of Model Predictions With Data

A schematic of the comparisons between model predictions and data are shown in
Figure A-2. In the hierarchical population model, group-specific parameters were estimated for
each dataset used in calibrating the model (posterior group-specific 6; in Figure A-2). Because
these parameters are in a sense “optimized” to the experimental data themselves, the group-
specific predictions (posterior group-specific y; in Figure A-2) using these parameters should be
accurate by design. Poor fits to the data using these group-parameters may indicate a
misspecification of the model structure, prior parameter distributions, or an error in the data. In
addition, it is useful to generate “population-based” parameters (posterior population ) using
only the posterior distributions for the population means (i) and variances (£?), instead of the
estimated group-specific parameters. These population predictions provide a sense as to whether
the model and the predicted degree of population uncertainty and variability adequately account
for the range of heterogeneity in the experimental data. Furthermore, assuming the group-
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specific predictions are accurate, the population-based predictions are useful to identify whether
one or more if the datasets are “outliers” with respect to the predicted population. In addition, a
substantial number of in vivo datasets was available in all three species that were not previously
used for calibration. Thus, it is informative to compare the population-based model predictions,
discussed above, to these additional “validation™ data in order to assess the predictive power of

the PBPK model.
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Figure A-2. Schematic of how posterior predictions were generated for
comparison with experimental data. Two sets of posterior predictions were
generated: population predictions (diagonal hashing) and group-specific
predictions (vertical hashing).

A.2.3.1. Mouse Model
A.2.3.1.1. Group-specific and population-based predictions. Initially, the sampled group-

specific parameters were used to generate predictions for comparison to the calibration data.
Because these parameters were “optimized” for each group, these “group-specific” predictions

should be accurate by design. However, unlike for the rat (see below), this was not the case for
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some experiments (this is partially responsible for the slower convergence). In particular, the
predictions for TCE and TCOH concentrations for the Abbas and Fisher (1997) data were poor.
In addition, TCE blood concentrations for the Greenberg et al. (1999) data were consistently
overpredicted. These data are discussed further in Table A-1.

Next, only samples of the population parameters (means and variances) were used, and
“new groups” were sampled from appropriate distributions using these population means and
variances. These “new groups” then represent the predicted population distribution,
incorporating both variability in the population as well as uncertainty in the population means
and variances. These “population-based” predictions were then compared to both the data used
in calibration, as well as the additional data identified that was not used in calibration. The
PBPK model was modified to accommodate some of the different outputs (e.g., tissue
concentrations) and exposure routes (TCE, TCA, and TCOH intravenous [i.v.]) used in the

“noncalibration” data, but otherwise it is unchanged.

A.2.3.1.1.1. Group-specific predictions and calibration data. [Sec
Appendix.linked.files\AppA.2.3.1.1.1.Hack.mouse.group.calib. TCE.DRAFT.pdf.]

A.2.3.1.1.2. Population-based predictions and calibration and additional evaluation data.
[See Appendix.linked.files\AppA.2.3.1.1.2.Hack.mouse.pop.calib.eval. TCE.DRAFT.pdf.]

A.2.3.1.2. Conclusions regarding mouse model.

A.2.3.1.2.1. Trichloroethylene (TCE) concentrations in blood and tissues not well-predicted.

The PBPK model for the parent compound does not appear to be robust. Even group-specific
fits to datasets used for calibration were not always accurate. For oral dosing data, there is
clearly high variability in oral uptake parameters, and the addition of uptake through the first
(stomach) compartment should improve the fit. Unfortunately, inaccurate TCE uptake
parameters may lead to inaccurately estimated kinetic parameters for metabolites TCA and

TCOH, even if current fits are adequate.
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Table A-1. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in mice

Calibration

Reference Simulation # data Discussion

Abbeas et al., 1997 41-42 These data are only published as an abstract. They consist of TCA and TCOH blood and urine data from
TCA and TCOH i.v. dosing. Blood levels of TCA and TCOH are fairly accurately predicted. From
TCOH dosing, urinary TCOG excretion is substantially overpredicted, and from TCA dosing, urinary
TCA excretion is substantially overpredicted.

Abbas and Fisher, 3-6 \ Results for these data were mixed. TCA levels were the best fit. The calibration data included TCA

1997 blood and liver data, which were well predicted except at the earliest time-point. In addition, TCA

concentrations in the kidney were fairly consistent with the surrogate TCA body concentrations predicted
by the model. Urinary TCA was well predicted at the lower two and highest doses, but somewhat
underpredicted (though still in the 95% confidence region) at 1,200 mg/kg.

TCE levels were in general not well fit. Calibration data included blood, fat, and liver concentrations,
which were predicted poorly particularly at early and late times. One reason for this is probably the
representation of oral uptake. Although both the current model and the original Abbas and Fisher (1997)
model had two-compartments representing oral absorption, in the current model uptake can only occur
from the second compartment. By contrast, the Abbas and Fisher (1997) model had uptake from both
compartments, with the majority occurring from the first compartment. Thus, the explanation for the poor
fit, particularly of blood and liver concentrations, at early times is probably simply due to differences in
modeling oral uptake. This is also supported by the fact that the oral uptake parameters tended to be
among those that took the longest to converge.

Group-specific blood TCOH predictions were poor, with under-prediction at early times and
overprediction at late times. Population-based blood TCOH predictions tended to be underpredicted,
though generally within the 95% confidence region. Group-specific urinary TCOG predictions were
fairly accurate except at the highest dose. These predictions are also probably affected by the apparent
misrepresentation of oral uptake. In addition, a problem as found in the calibration data in that data on
free TCOH was calibrated against predictions of total TCOH (TCOH+TCOG).

A number of TCOH and TCOG measurements were not included in the calibration—among them
tissue concentrations of TCOH and tissue and blood concentrations of TCOG. Blood concentrations (the
only available surrogate) were poor predictors of tissue concentrations of TCOH and TCOG (model
generally under-predicted). For TCOG, this may be due in part to the model assumption that the
distribution volume of TCOG is equal to that of TCOH.
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Table A-1. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in mice (continued)
Calibration
Reference Simulation # data Discussion
Fisher et al., 1991 1-2 N Venous blood TCE concentrations were somewhat underpredicted (a common issue with inhalation
(open exposures in mice—see discussion of Greenberg et al., 1999 below), but within the 95% confidence
chamber) region of both group-specific and population-based predictions. Plasma TCA levels were well predicted,
with most of the data near the interquartile region of both group-specific and population-based predictions
(but with substantial scatter in the male mice). However, it should be noted that only a single exposure
concentration for each sex was used in calibration, with 6 additional exposures (3 for each sex) not
included (see simulations 21-26, below).
7-16 (closed |V Good posterior fits were obtained for these data—closed chamber data with initial concentrations from
chamber) 300 to 10,000 ppm. Some variability in Vyax, however, was noted in the posterior distributions for that
parameter. Using group-specific Vyax values resulted in better fits to these data. However, there appears
to be a systematic trend of lower estimated apparent Vyax at higher exposures. Similarly, posterior
estimates of cardiac output and the ventilation-perfusion ratio declined (slightly) with higher exposures.
These could be related to documented physiological changes (e.g., reduced ventilation rate and body
temperature) in mice when exposed to some volatile organics.
21-26 (open Data from three additional exposures for each sex were available for comparison to model predictions.
chamber, Plasma TCA levels were generally well predicted, though the predictions for female mice data showed
additional some systematic over-prediction, particularly at late times (i.e., data showed shorter apparent half-life).
exposures) Blood TCE concentrations were consistently overpredicted, sometimes by almost an order of magnitude,
except in the case of female mice at 236 ppm, for which predictions were fairly accurate.
Fisher and Allen, 31-36 Predictions for these gavage data were generally fairly accurate. There was a slight tendency to
1993 overpredict TCA plasma concentrations, with predictions tending to be worse in the female mice. Blood
levels of TCE were adequately predicted, though there was some systematic underprediction at 2—6 h after
dosing.
Green and Prout, 40 This datum consists of a single measurement of urinary excretion of TCA at 24 h as a fraction of dose,

1985

from TCA i.v. dosing. The model substantially over-predicts the amount excreted. Whereas Green and
Prout (1985) measured 35% excreted at 24 h, the model predicts virtually complete excretion at 24 h.
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Table A-1. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in mice (continued)

Calibration
Reference Simulation # data Discussion
Greenberg et al., 17-18 N The calibration data included blood TCE, TCOH, and TCA data. Fits to blood TCA and TCOH were
1999 adequate, but as with the Fisher et al. (1991) inhalation data, TCE levels were overpredicted (outside the
95% confidence region during and shortly after exposure).

As with Abbas and Fisher (1997), there were additional data in the study that was not used in
calibration, including blood levels of TCOG and tissue levels of TCE, TCA, TCOH, and TCOG. Tissue
levels of TCE were somewhat overpredicted, but generally within the 95% confidence region. TCA
levels were adequately predicted, and mostly in or near the interquartile region. TCOH levels were
somewhat underpredicted, though within the 95% confidence region. TCOG levels, for which blood
served as a surrogate for all tissues, were well predicted in blood and the lung, generally within the
interquartile region. However, blood TCOG predictions underpredicted liver and kidney concentrations.

Larson and Bull, 37-39 Blood TCA predictions were fairly accurate for these data. However, TCE and TCOH blood
1992b concentrations were underpredicted by up to an order of magnitude (outside the 95% confidence region).
Part of this may be due to uncertain oral dosing parameters. Urinary TCA and TCOG were also generally
underpredicted, in some cases outside of the 95% confidence region.
Prout et al., 1985 19 \ Fits to these data were generally adequate—within or near the interquartile region.
27-30 These data consisted of mass balance studies of the amount excreted in urine and exhaled unchanged at
(urinary doses from 10 to 2,000 mg/kg. TCA excretion was consistently overpredicted, except at the highest dose.
excretion at TCOG excretion was generally well predicted—within the interquartile range. The amount exhaled was
different somewhat overpredicted, with a 4-fold difference (but still within 95% confidence) at the highest dose.
doses)
Templin et al., 1993 | 20 \ Blood TCA levels from these data were well predicted by the model. Blood TCE and TCOH levels were

well predicted using group-specific parameters, but did not appear representative using population-derived
parameters. However, this is probably a result of the group-specific oral absorption parameter, which was
substantially different than the population mean.
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The TCE data from inhalation experiments also are not well estimated, particularly blood
levels of TCE. While fractional uptake has been hypothesized, direct evidence for this is
lacking. In addition, physiologic responses to TCE vapors (reduced ventilation rates, lowered
body temperature) are a possibility. These are weakly supported by the closed chamber data, but
the amount of the changes is not sufficient to account for the low blood levels of TCE observed
in the open chamber experiments. It is also not clear what role presystemic elimination due to
local metabolism in the lung may play. It is known that the mouse lung has a high capacity to
metabolize TCE (Green et al., 1997). However, in the Hack et al. (2006) model, lung
metabolism is limited by flow to the tracheobronchial region. An alternative formulation for
lung metabolism in which TCE is available for metabolism directly from inhaled air (similar to
that used for styrene, Sarangapani et al., 2003), may allow for greater presystemic elimination of
TCE, as well as for evaluating the possibility of wash-in/wash-out effects. Furthermore, the
potential impact of other extrahepatic metabolism has not been evaluated. Curiously, predictions
for the tissue concentrations of TCE observed by Greenberg et al. (1999) were not as discrepant
as those for blood. A number of these hypotheses could be tested; however, the existing data
may not be sufficient to distinguish them. The Merdink et al. (1998) study, in which TCE was
given by i.v. (thereby avoiding both first pass in the liver and any fractional uptake issue in the
lung), may be somewhat helpful, but unfortunately only oxidative metabolite concentrations

were reported, not TCE concentrations.

A.2.3.1.2.2. Trichloroacetic acid (TCA) blood concentrations well predicted following
trichloroethylene (TCE) exposures, but TCA flux and disposition may not be accurate. TCA

blood and plasma concentrations following TCE exposure are consistently well predicted.
However, the total flux of TCA may not be correct, as evidenced by the varying degrees of
consistency with urinary excretion data. Of particular importance are TCA dosing studies, none
of which were included in the calibration. In these studies, total recovery of urinary TCA was
found to be substantially less than the administered dose. However, the current model assumes
that urinary excretion is the only source of clearance of TCA, leading to overestimation of
urinary excretion. This fact, combined with the observation that under TCE dosing, the model
appears to give accurate predictions of TCA urinary excretion for several datasets, strongly
suggests a discrepancy in the amount of TCA formed from TCE. That is, since the model
appears to overpredict the fraction of TCA that appears in urine, it may be reducing TCA
production to compensate. Inclusion of the TCA dosing studies (including some oral dosing

studies), along with inclusion of a nonrenal clearance pathway, would probably be helpful in
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reducing these discrepancies. Finally, improvements in the TCOH/TCOG submodel, below,

should also help to ensure accurate estimates of TCA kinetics.

A.2.3.1.2.3. Trichloroethanol—trichloroethanol-glucuronide conjugate (TCOH/TCOG)
submodel requires revision and recalibration. Blood levels of TCOH and TCOG were

inconsistently predicted. Part of this is due to the problems with oral uptake, as discussed above.
In addition, the problems identified with the use of the Abbas and Fisher (1997) data (i.e., free
TCOH vs. total TCOH), mean that this submodel is not likely to be robust.

An additional concern is the over-prediction of urinary TCOG from the Abbas et al.
(1997) TCOH i.v. data. Like the case of TCA, this indicates that some other source of TCOH
clearance (not to TCA or urine—e.g., to dichloroacetic acid [DCA] or some other untracked
metabolite) is possible. This pathway can be considered for inclusion, and limits can be placed
on it using the available data.

Also, like for TCA, the fact that blood and urine are relatively well predicted from TCE
dosing strongly suggests a discrepancy in the amount of TCOH formed from TCE. That is, since
the model appears to overpredict the fraction of TCOH that appears in urine, it may be reducing
TCOH production to compensate. Including the TCOH dosing data would likely be helpful in
reducing these discrepancies.

Finally, as with the rat, the model needs to ensure that any first pass effect is accounted
for appropriately. Importantly, the estimated clearance rate for glucuronidation of TCOH is
substantially greater than hepatic blood flow. As was shown in Okino et al. (2005), in such a
situation, the use of a single compartment model across dose routes will be misleading because it
implies a substantial first-pass effect in the liver that cannot be modeled in a single compartment
model. That is, since TCOH is formed in the liver from TCE, and TCOH is also glucuronidated
in the liver to TCOG, a substantial portion of the TCOH may be glucuronidated before reaching
systemic circulation. This suggests that a liver compartment for TCOH is necessary.
Furthermore, because substantial TCOG can be excreted in bile from the liver prior to systemic
circulation, a liver compartment for TCOG may also be necessary to address that first pass
effect.

The addition of the liver compartment will necessitate several changes to model
parameters. The distribution volume for TCOH will be replaced by two parameters: the
liver:blood and body:blood partition coefficients. Similarly for TCOG, liver:blood and
body:blood partition coefficients will need to be added. Clearance of TCOH to TCA and TCOG
can be redefined as occurring in the liver, and urinary clearance can be redefined as coming from
the rest of the body. Fortunately, there are substantial data on circulating TCOG that has not
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been included in the calibration. These data should be extremely informative in better estimating
the TCOH/TCOG submodel parameters.

A.2.3.1.2.4. Uncertainty in estimates of total metabolism. Closed chamber data are generally

thought to provide a good indicator of total metabolism. Both group-specific and population-
based predictions of the only available closed chamber data (Fisher et al., 1991) were fairly
accurate. Unfortunately, no additional closed chamber data were available. In addition, the
discrepancies in observed and predicted TCE blood concentrations following inhalation
exposures remain unresolved. Hypothesized explanations such as fractional uptake or
presystemic elimination could have a substantial impact on estimates of total metabolism.

In addition, no data are directly informative as to the fraction of total metabolism in the
lung, the amount of “untracked” hepatic oxidative metabolism (parameterized as “FracDCA”), or
any other extrahepatic metabolism. The lung metabolism as currently modeled could just as well
be located in other extrahepatic tissues, with little change in calibration. In addition, it is
difficult to distinguish between untracked hepatic oxidative metabolism and GSH conjugation,

particularly at low doses.

A.2.3.2. Rat Model
A.2.3.2.1. Group-specific and population-based predictions. As with the mouse mode,

initially, the sampled group-specific parameters were used to generate predictions for
comparison to the calibration data. Because these parameters were “optimized” for each group,
these “group-specific” predictions should be accurate by design, and indeed they were, as
discussed in more detail in Table A-2.

Next, as with the mouse, only samples of the population parameters (means and
variances) were used, and “new groups” were sampled from appropriate distribution using these
population means and variances. These “new groups” then represent the predicted population
distribution, incorporating both variability in the population as well as uncertainty in the
population means and variances. These “population-based” predictions were then compared to
both the data used in calibration, as well as the additional data identified that was not used in
calibration. The Hack et al. (2006) PBPK model used for prediction was modified to
accommodate some of the different outputs (e.g., tissue concentrations) and exposure routes (i.v.,
intra-arterial [i.a.], and intraperivenous [p.v.]) used in the “noncalibration” data, but otherwise

unchanged.
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Table A-2. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in rats

Calibration

Reference Simulation # data Discussion

Andersen et al., | 7—-11 \ Good posterior fits were obtained for these data—closed chamber data with initial concentrations from 100 to

1987 4,640 ppm.

Barton et al., 17-20 It was assumed that the closed chamber volume was the same as for Andersen et al. (1987). However, the

1995 initial chamber concentrations are not clear in the paper. The values that were used in the simulations do not
appear to be correct, since in many cases the time-course is inaccurately predicted even at the earliest time-
points. Conclusions as to these data need to await definitive values for the initial chamber concentrations,
which were not available.

Bernauer et al., | 1-3 \ Urinary time-course data (Fig 6-7) for TCA, TCOG, and NAcDCVC was given in concentration units (mg/mg

1996

creat-h), whereas total excretion at 48 h (Table 2) was given in molar units (mmol excreted). In the original
calibration files, the conversion from concentration to cumulative excretion was not consistent-i.e., the amount
excreted at 48 h was different. The data were revised using a conversion that forced consistency. One
concern, however, is that this conversion amounts to 6.2 mg creatinine over 48 h, or 1.14 micromol/h. This
seems very low for rats; Trevisan et al. (2001), in samples from 195 male control rats, found a median value of
4.95 micromol/h, a mean of 5.39 micromol/h, and a 1-99 percentile range of 2.56—10.46 micromol/h.

In addition, the NAcDCVC data were revised in include both 1,2- and 2,2-isomers, since the goal of the
GSH pathway is primarily to constrain the total flux. Furthermore, because of the extensive interorgan
processing of GSH conjugates, and the fact that excretion was still ongoing at the end of the study (48 h), the
amount of NAcDCVC recovered can only be a lower bound on the amount ultimately excreted in urine.
However, the model does not attempt to represent the excretion time-course of GSH conjugates—it merely
models the total flux. This is evinced by the fact that the model predicts complete excretion by the first time
point of 12 h, whereas in the data, there is still substantial excretion occurring at 48 h.

Posterior fits to these data were poor in all cases except urinary TCA at the highest dose. In all other
cases, TCOH/TCOG and TCA excretion was substantially overpredicted, though this is due to the revision of
the data (i.e., the different assumptions about creatinine excretion). Unfortunately, of the original calibration
data, this is the only one with TCA and TCOH/TCOG urinary excretion. Therefore, that part of the model is
poorly calibrated. On the other hand, NAcDCVC was underpredicted for a number of reasons, as noted above.

Because of the incomplete capture of NAcDCVC in urine, unless the model can accurately portray the
time-course of NAcDCVC in urine, it should probably not be used for calibration of the GSH pathway, except
perhaps as a lower bound.
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Table A-2. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in rats (continued)

Calibration

Reference Simulation # data Discussion

Birner et al., 21-22 These data only showed urine concentrations, so a conversion was made to cumulative excretion based on an

1993 assumed urine flow rate of 22.5 mL/d. Based on this, urinary NAcDCVC was underestimated by 100- to
1,000-fold. Urinary TCA was underestimated by about 2-fold in females (barely within the 95% confidence
interval), and was accurately estimated in males. Note that data on urinary flow rate from Trevisan et al.
(2001) in samples from 195 male control rats showed high variability, with a geometric standard deviation of
1.75, so this may explain the discrepancy in urinary TCA. However, the underestimation of urinary
NAcDCVC cannot be explained this way.

Dallas et al., 23-24 At the lower (50 ppm) exposure, arterial blood concentrations were consistently overpredicted by about 2.5-

1991 fold, while at the higher (500 ppm) exposure, arterial blood was overpredicted by 1.5- to 2-fold, but within the
range of variability. Exhaled breath concentrations were in the middle of the predicted range of variability at
both exposure levels. The ratio of exhaled breath and arterial blood should depend largely on the blood-air
partition coefficient, with minor dependence on the assumed dead space. This suggests the possibility of some
unaccounted-for variability in the partition coefficient (e.g., posterior mean estimated to be 15.7; in vitro
measured values from the literature are as follows: 25.82 [Sato et al., 1977], 21.9 [Gargas et al., 1989], 25.8
[Koizumi, 1989], 13.2 [Fisher et al., 1989], posterior). Alternatively, there may be a systematic error in these
data, since, as discussed below, the fit of the model to the arterial blood data of Keys et al. (2003) was highly
accurate.

Fisher et al., 25-28 Good posterior fits were obtained for these data (in females)—closed chamber data with initial concentrations

1989 from 300 to 5,100 ppm. There was some slight overprediction of chamber concentrations (i.e., data showed
more uptake/metabolism) at the lower doses, but still within the 95% confidence interval.

Fisher et al., 4-6 \ Good posterior fits were obtained from these data—plasma levels of TCA and venous blood levels of TCE.

1991

Green and Prout, | 29-30 In naive rats at 500 mg/kg, urinary excretion of TCOH/TCOG and TCA at 24 h was underpredicted (2-fold),

1985 although within the 95% confidence interval. With bile-cannulated rats at the same dose, the amount of
TCOG in bile was well within the 95% confidence interval. Urinary TCOH/TCOG was still underpredicted by
about 2-fold, but again still within the 95% confidence interval.

Jakobson etal., |31 The only data from the experiment (500 ppm in female rats) were venous blood concentrations during

1986

exposure. There were somewhat overpredicted at early times (outside of 95% confidence interval for first

30 min) but was well predicted at the termination of exposure. This suggests some discrepancies in uptake to
tissues that reach equilibrium quickly—the model approaches the peak concentration at a faster rate than the
data suggest.




60/0¢/01

8-V
Ad1j0d Aoua3y 23na13s109 Jou s20p puv AJuo sasodind maiad.a 40f }v.ap D S1 JUWNI0p Sy |

4L0N0 YO LD LON Od :1AvVid

Table A-2. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in rats (continued)

Reference

Simulation #

Calibration
data

Discussion

Kaneko et al.,
1994

32-35

In these inhalation experiments (50—1,000 ppm), urinary excretion of TCOH/TCOG and TCA are consistently
overpredicted, particularly at lower doses. The discrepancy decreases systematically as dose increases, with
TCA excretion accurately predicted at 1,000 ppm (TCOH/TCOG excretion slightly below near the lower 95%
confidence interval at this dose). This suggests a discrepancy in the dose-dependence of TCOH, TCOG, and
TCA formation and excretion.

On the other hand, venous blood TCE concentrations postexposure are well predicted. TCE blood
concentrations right at the end of the exposure are overpredicted; however, concentrations are rapidly
declining at this point, so even a few minutes delay in obtaining the blood sample could explain the
discrepancy.

Keys et al., 2003

36-39

These experiments collected extensive data on TCE in blood and tissues following i.a., oral, and inhalation
exposures. For the i.a. exposure, blood and tissue concentrations were very well predicted by the model, even
with the use of the rapidly perfused tissue concentration as a surrogate for brain, heart, kidney, liver, lung, and
spleen concentrations. Similarly accurate predictions were found with the higher (500 ppm) inhalation
exposure. At the lower inhalation exposure (50 ppm), there was some minor overprediction of concentrations
(2-fold), particularly in fat, but values were still within the 95% confidence intervals.

For oral exposure, the GI absorption parameters needed to be revised substantially to obtain a good fit.
When the values reported by Keys et al. (2003) were used, the model generally had accurate predictions. Two
exceptions were the values in the gut and fat in the first 30 min after exposure. In addition, the liver
concentration was over-predicted in the first 30 min, and under-predicted at 2—4 h, but still within the 95%
confidence interval during the entire period.

Kimmerle and
Eben, 1973a

40—44

In these inhalation experiments (49 to 3,160 ppm), urinary excretion of TCOH/TCOG was systematically
overpredicted (>2-fold; outside 95% confidence interval), while excretion of TCA was accurately predicted.
In addition, elimination by exhaled breath was substantially overpredicted at the lowest exposure. Blood
TCOH levels were accurately predicted, but blood TCE levels were overpredicted at the 55 ppm. Part of the
discrepancies may be due to limited analytic sensitivities at the lower exposures.

Larson and Bull,
1992b

12-14

The digitization in the calibration file did not appear to be accurate, as there was a 10-fold discrepancy with
the original paper in the TCOH data. The data were replaced this those used by Clewell et al. (2000) and Bois
(2000b). Except for the TCOH data, differences between the digitizations were 20% or less.

Adequate posterior predictions were obtained for these data (oral dosing from 200 mg/kg to 3,000 mg/kg). All
predictions were within the 95% confidence interval of posterior predictions. Better fits were obtained using
group-specific posterior parameters, for which gut absorption and TCA urinary excretion parameters were
more highly identified.
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Table A-2. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in rats (continued)

Reference

Simulation #

Calibration
data

Discussion

Lash et al., 2006

45-46

In these corn-oil gavage experiments, almost all of the measurements appeared to be systematically low,
sometimes by many orders of magnitude. For example, at the lowest dose (263 mg/kg), urinary excretion of
TCOH/TCOG and TCA, and blood concentrations of TCOH were overpredicted by the model by around >10°-
fold. TCE concentrations in blood and tissues at 2, 4, and 8 h were underpredicted by 10°- to 10*-fold. Many
studies, including those using the corn oil gavage (Green and Prout, 1985; Hissink et al., 2002), with similar
ranges of oral doses show good agreement with the model, it seems likely that these data are aberrant.

Lee et al., 1996

47-61

This extensive set of experiments involved multiroute administration of TCE (oral, i.v., i.a., or portal vein),
with serial measurements of arterial blood concentrations. For the oral route (8 mg/kg—64 mg/kg), the GI
absorption parameters had to be modified. The values from Keys et al. (2003) were used, and the resulting
predictions were quite accurate, albeit a more prominent peak was predicted. Predictions >30 min after dosing
were highly accurate.

For the i.v. route (0.71 mg/kg—64 mg/kg), predictions were also highly accurate in almost all cases. At the
lower doses (0.71 mg/kg and 2 mg/kg), there was slight overprediction in the first 30 min after dosing. At
highest dose (64 mg/kg), there was slight underprediction between 1 and 2 h after dosing. In all cases, the
values were within the 95% confidence interval.

For the i.a. route (0.71 mg/kg—16 mg/kg), all predictions were very accurate.

For the p.v. route (0.71 mg/kg—64 mg/kg), predictions still remained in the 95% confidence interval,
although there was more variation. At the lowest dose, there was overprediction in the first 30 min after
dosing. At the highest two doses (16 mg/kg and 64 mg/kg), there was slight underprediction between 1 and
5 h after dosing. This may in part be because a pharmacodynamic change in metabolism (e.g., via direct
solvent injury proposed by Lee et al., 2000).

Lee et al., 2000

62—69

In the p.v. and i.v. exposures, blood and liver concentrations were accurately predicted. For oral exposures,
the GI absorption parameters needed to be changed. While the values from Keys et al. (2003) led to accurate
predictions for lower doses (2 mg/kg—16 mg/kg), at the higher doses (48 mg/kg—432 mg/kg), much slower
absorption was evident. Comparisons at these higher dose are not meaningful without calibration of
absorption parameters.

Prout et al., 1985

15

Adequate posterior fits were obtained for these data—rat dosing at 1,000 mg/kg in corn oil. All predictions
were within the 95% confidence interval of posterior predictions. Better fits were obtained using group-
specific posterior parameters, for which gut absorption and TCA urinary excretion parameters were more
highly identified.
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Table A-2. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in rats (continued)

Reference

Simulation #

Calibration
data

Discussion

Stenner et al.,
1997

70

As with other oral exposures, different GI absorption parameters were necessary. Again, the values from Keys
et al. (2003) were used, with some success. Blood TCA levels were accurately predicted, while TCOH blood
levels were systematically under-predicted (up to 10-fold).

Additional data with TCOH and TCA dosing, including naive and bile-cannulated rats, can be added when
those exposure routes are added to the model. These could be useful in better calibrating the enterohepatic
recirculation parameters.

Templin et al.,
1995

16

Adequate posterior fits were obtained for blood TCA from these data—oral dosing at 100 mg/kg in Tween.
Blood levels of TCOH were underpredicted, while the time-course of TCE in blood exhibited an earlier peak.
Better fits were obtained using group-specific posterior parameters, for which gut absorption and TCA urinary
excretion parameters (and to a lesser extent glucuronidation of TCOH and biliary excretion of TCOG) were
more highly identified.

GI = gastrointestinal, NAc-1,2-DCVC = N-acetyl-S-(1,2-dichlrovinyl)-L-cysteine, NAc-2,2-DCVC = N-acetyl-S-(2,2-dichlrovinyl)-L-cysteine, NAcDCVC =
NAc-1,2-DCVC and NAc-2,2-DCVC.
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A.2.3.2.1.1. Group-specific predictions and calibration data. [See
Appendix.linked.files\AppA.2.3.2.1.1.Hack.rat.group.calib. TCE.DRAFT.pdf.]

A.2.3.2.1.2. Population-based predictions and calibration and additional evaluation data.
[See Appendix.linked.files\AppA.2.3.2.1.2. Hack.rat.pop.calib.eval. TCE.DRAFT.pdf.]

A.2.3.2.2. Conclusions regarding rat model.
A.2.3.2.2.1. Trichloroethylene (TCE) concentrations in blood and tissues generally well-

predicted. The PBPK model for the parent compound appears to be robust. Multiple datasets
not used for calibration with TCE measurements in blood and tissues were simulated, and overall
the model gave very accurate predictions. A few datasets seemed somewhat anomalous—Dallas
et al. (1991), Kimmerle and Eben (1973a), Lash et al. (2006). However, data from Kaneko et al.
(1994), Keys et al. (2003), and Lee et al. (1996, 2000) were all well simulated, and corroborated
the data used for calibration (Fisher et al., 1991; Larson and Bull, 1992b; Prout et al., 1985;
Templin et al., 1995). Particularly important is the fact that tissue concentrations from

Keys et al. (2003) were well simulated.

A.2.3.2.2.2. Total metabolism probably well simulated, but ultimate disposition is less certain.

Closed chamber data are generally thought to provide a good indicator of total metabolism. Two
closed chamber studies not used for calibration were available—Barton et al. (1995) and Fisher
et al. (1989). Additional experimental information is required to analyze the Barton et al. (1995)
data, but the predictions for the Fisher et al. (1989) data were quite accurate.

However, the ultimate disposition of metabolized TCE is much less certain. Clearly, the
flux through the GSH pathway is not well constrained, with apparent discrepancies between the
N-acetyl-S-(1,2-dichlorovinyl)-L-cysteine (NAc-1,2-DCVC) data of Bernauer et al. (1996) and
Birner et al. (1993). Moreover, each of these data has limitations—in particular, the Bernauer et
al. (1996) data show that excretion is still substantial at the end of the reporting period, so that
the total flux of mercapturates has not been collected. Moreover, there is some question as to the
consistency of the Bernauer et al. (1996) data (Table 2 vs. Figures 6 and 7), since a direct
comparison seems to imply a very low creatinine excretion rate. The Birner et al. (1993) data
only report concentrations—not total excretion—so a urinary flow rate needs to be assumed.

In addition, no data are directly informative as to the fraction of total metabolism in the
lung or the amount of “untracked” hepatic oxidative metabolism (parameterized as “FracDCA”).

The lung metabolism could just as well be located in other extrahepatic tissues, with little change

This document is a draft for review purposes only and does not constitute Agency policy.
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in calibration. In addition, there is a degeneracy between untracked hepatic oxidative
metabolism and GSH conjugation, particularly at low doses.
The ultimate disposition of TCE as excreted TCOH/TCOG or TCA is also poorly

estimated in some cases, as discussed in more detail below.

A.2.3.2.2.3. Trichloroethanol—trichlorethanol-glucuronide conjugate (TCOH/TCOG)
submodel requires revision and recalibration. TCOH blood levels of TCOH were

inconsistently predicted in noncalibration datasets (well predicted for Larson and Bull [1992b];
Kimmerle and Eben [1973a]; but not Stenner et al. [1997] or Lash et al. [2006]), and the amount
of TCE ultimately excreted as TCOG/TCOH also appeared to be poorly predicted. The model
generally underpredicted TCOG/TCOH urinary excretion (underpredicted Green and Prout
[1985], overpredicted Kaneko et al. [1994], Kimmerle and Eben [1973a], and Lash et al. [2006]).
This may in part be due to discrepancies in the Bernauer et al. (1996) data as to the conversion of
excretion relative to creatinine.

Moreover, there are relatively sparse data on TCOH in combination with a relatively
complex model, so the identifiability of various pathways—conversion to TCA, enterohepatic
recirculation, and excretion in urine—is questionable.

This could be improved by the ability to incorporate TCOH dosing data from Merdink et
al. (1999) and Stenner et al. (1997), the latter of which included bile duct cannulation to better
estimate enterohepatic recirculation parameters. However, the TCOH dosing in these studies is
by the intravenous route, whereas with TCE dosing, TCOH first appears in the liver. Thus, the
model needs to ensure that any first pass effect is accounted for appropriately. Importantly, the
estimated clearance rate for glucuronidation of TCOH is substantially greater than hepatic blood
flow. That is, since TCOH is formed in the liver from TCE, and TCOH is also glucuronidated in
the liver to TCOG, a substantial portion of the TCOH may be glucuronidated before reaching
systemic circulation. Thus, suggests that a liver compartment for TCOH is necessary.
Furthermore, because substantial TCOG can be excreted in bile from the liver prior to systemic
circulation, a liver compartment for TCOG may also be necessary to address that first pass
effect.

The addition of the liver compartment will necessitate several changes to model
parameters. The distribution volume for TCOH will be replaced by two parameters: the
liver:blood and body:blood partition coefficients. Similarly for TCOG, liver:blood and
body:blood partition coefficients will need to be added. Clearance of TCOH to TCA and TCOG
can be redefined as occurring in the liver, and urinary clearance can be redefined as coming from
the rest of the body.

This document is a draft for review purposes only and does not constitute Agency policy.
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Finally, additional clearance of TCOH (not to TCA or urine—e.g., to DCA or some other
untracked metabolite) is possible. This may in part explain the discrepancy between the accurate
predictions to blood data along with poor predictions to urinary excretion (i.e., there is a missing
pathway). This pathway can be considered for inclusion, and limits can be placed on it using the

available data.

A.2.3.2.2.4. Trichloroacetic acid (TCA) submodel would benefit from revised
trichloroethanol/trichloroethanol-glucuronide conjugate (TCOH/TCOG) submodel and
incorporating TCA dosing studies. While blood levels of TCA were well predicted in the one

noncalibration dataset (Stenner et al., 1997), the urinary excretion of TCA was inconsistently
predicted (underpredicted in Green and Prout [1985]; overpredicted in Kaneko et al. [1994] and
Lash et al. [2006]; accurately predicted in Kimmerle and Eben [1973a]). Because TCA is in part
derived from TCOH, a more accurate TCOH/TCOG submodel would probably improve the TCA
submodel.

In addition, there are a number of TCA dosing studies that could be used to isolate the
TCA kinetics from the complexities of TCE and TCOH. These could be readily incorporated
into the TCA submodel.

Finally, as with TCOH, additional clearance of TCA (not to urine—e.g., to DCA or some
other untracked metabolite) is possible. This may in part explain the discrepancy between the
accurate predictions to blood data along with poor predictions to urinary excretion (i.e., there is a
missing pathway). As with TCOH, this pathway can be considered for inclusion, and limits can

be placed on it using the available data.

A.2.3.3. Human model.

A.2.3.3.1. Individual-specific and population-based predictions. As with the mouse and rat
models, initially, the sampled individual-specific parameters (the term “individual” instead of
“group” is used since human variability was at the individual level) were used to generate
predictions for comparison to the calibration data. Because these parameters were “optimized”
for each individual, these “individual-specific” predictions should be accurate by design.
However, unlike for the rat, this was not the case for some experiments (this is partially
responsible for the slower convergence), although the inaccuracies were generally less than those
in the mouse. For example, alveolar air concentrations were systematically overpredicted for
several datasets. There was also variability in the ability to predict the precise time-course of
TCA and TCOH blood levels, with a few datasets more difficult for the model to accommodate.
These data are discussed further in Table A-3.
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Table A-3. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in humans

Reference

Simulation #

Calibration
data

Discussion

Bartonicek, 1962

38—45

The measured minute-volume was multiplied by a factor of 0.7 to obtain an estimate for alveolar ventilation
rate, which was fixed for each individual. These data are difficult to interpret because they consist of many
single data points. It is easiest to go through the measurements one at a time:
Alveolar retention (1—exhaled dose/inhaled dose during exposure) and Retained dose (inhaled dose—exhaled
dose during exposure): Curiously, retention was generally under-predicted, which in many cases retained dose
was accurately predicted. However, alveolar retention was an adjustment of the observed total retention:

TotRet = (CInh — CExh)/CInh = QAlv x (CInh — CAlv)/(MV x Clnh), so that

AlvRet = TotRet X (QAIv/MV), with QAIv/MV assumed to be 0.7
Because retained dose is the more relevant quantity, and is less sensitive to assumptions about QAlv/MV, then
this is the better quantity to use for calibration.

Urinary TCOG: This was generally underpredicted, although generally within the 95% confidence
interval. Thus, these data will be informative as to interindividual variability.

Urinary TCA: Total collection (at 528 h) was accurately predicted, although the amount collected at 72 h
was generally under-predicted, sometimes substantially so.

Plasma TCA: Generally well predicted.

Bernauer et al.,
1996

1-3

Individual-specific predictions were good for the time-courses of urinary TCOG and TCA, but poor for total
urinary TCOG+TCA and for urinary NAc-1,2-DCVC. One reason for the discrepancy in urinary excretion of
TCA and TCOG is that the urinary time-course data (see Figures 4-5 in the manuscript) for TCA, TCOG, and
NAc-1,2-DCVC was given in concentration units (mg/mg creat-h), whereas total excretion at 48 h (Table 2 in
the manuscript) was given in molar units (mmol excreted). In the original calibration files, the conversion
from concentration to cumulative excretion was not consistent—i.e., the amount excreted at 48 h was
different. For population-based predictions, the data were revised using a conversion that forced consistency.
One concern, however, is that this conversion amounts to 400—500 mg creatinine over 48 h, or 200—250 mg/d,
which seems rather low. For instance, Araki (1978) reported creatinine excretion of 11.5+/-1.8 mmol/24 h
(mean +/- SD) in 9 individuals, corresponding to 1,300 +/- 200 mg/d.

In addition, for population-based predictions, the data were revised include both the NAc-1,2-DCVC and
the N acetyl-S-(2,2-dichlorovinyl)-L-cysteine isomer (the combination denoted NAcDCVC), since the goal of
the GSH pathway is primarily to constrain the total flux. Furthermore, because of the extensive interorgan
processing of GSH conjugates, and the fact that excretion was still ongoing at the end of the study (48 h), the
amount of NAcDCVC recovered can only be a lower bound on the amount ultimately excreted in urine.
However, the model does not attempt to represent the excretion time-course of GSH conjugates—it merely
models the total flux. This is evinced by the fact that the model predicts complete excretion by the first time
point of 12 h, whereas in the data, there is still substantial excretion occurring at 48 h.
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Table A-3. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in humans (continued)

Calibration

Reference Simulation # data Discussion

Bernauer etal.,, | 1-3 Population-based posterior fits to these data were quite good for urinary TCA and TCOH, but not for

1996 (continued) | (continued) NAcDCVC in urine. Because of the incomplete capture of NAcDCVC in urine, unless the model can
accurately portray the time-course of NAcDCVC in urine, it should probably not be used for calibration of the
GSH pathway, except perhaps as a lower bound.

Bloemen etal., | 72-75 Like Bartonicek (1962), these data are more difficult to interpret due to their being single data points for each

2001 individual and exposure. However, in general, posterior population-based estimates of retained dose, urinary
TCOG, and urinary TCA were fairly accurate, staying within the 95% confidence interval, and mostly inside
the interquartile range. The data on GSH mercapturates are limited—first they are all nondetects. In addition,
because of the 48—56 h collection period, excretion of GSH mercapturates is probably incomplete, as noted
above in the discussion of Bernauer et al. (1996).

Chiu et al., 2007 | 66—71 The measured minute-volume was multiplied by a factor of 0.7 to obtain an estimate for alveolar ventilation

rate, which was fixed for each individual. Alveolar air concentrations of TCE were generally well predicted,
especially during the exposure period. Postexposure, the initial drop in TCE concentration was generally
further than predicted, but the slope of the terminal phase was similar. Blood concentrations of TCE were
consistently overpredicted for all subjects and occasions.

Blood concentrations of TCA were consistently over-predicted, though mostly staying in the lower 95%
confidence region. Blood TCOH (free) levels were generally over-predicted, in many cases falling below the
95% confidence region, though in some cases the predictions were accurate. On the other hand, total TCOH
(freet+glucuronidated) was well predicted (or even under-predicted) in most cases—in the cases where free
TCOH was accurately predicted, total TCOH was underpredicted. The free and total TCOH data reflect the
higher fraction of TCOH as TCOG than previously reported (e.g., Fisher et al. [1998] reported no detectable
TCOG in blood).

Data on urinary TCA and TCOG were complicated by some measurements being saturated, as well as the
intermittent nature of urine collection after Day 3. Thus, only the nonsaturated measurements for which the
time since the last voiding was known were included for direct comparison to the model predictions.
Saturated measurements were kept track of separately for comparison, but were considered only rough lower
bounds. TCA excretion was generally over-predicted, whether looking at unsaturated or saturated
measurements (the latter, would of course, be expected). Urinary excretion of TCOG generally stayed within
the 95% confidence range.

Fernandez et al.,
1977

Alveolar air concentrations are somewhat overestimated. Other measurements are fairly well predicted.
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Table A-3. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in humans (continued)

Reference

Simulation #

Calibration
data

Discussion

Fisher et al.,
1998

13-33

\/

The majority of the data used in the calibration (both in terms of experiments and data points) came from this
study. In general, the individual-specific fits to these data were good, with the exception of alveolar air
concentrations, which were consistently over-predicted. In addition, for some individuals, the shape of the
TCOH time-course deviated from the predictions (#14, #24, #29, and #30)—the predicted peak was too
“sharp,” with underprediction at early times. Simulation #23 showed the most deviation from predictions,
with substantial inaccuracies in blood TCA, TCOH, and urinary TCA.

Interestingly, in the population-based predictions, in same cases the predictions were not very accurate—
indicating that the full range of population variability is not accounted for in the posterior simulations. This is
particularly the case with venous blood TCE concentrations, which are generally under-predicted in
population estimates (although in some cases the predictions are accurate).

One issue with the way in which these data were utilized in the calibration is that in some cases, the same
individual was exposed to two different concentrations, but in the calibration, they were treated as separate
“individuals.” Thus, parameters were allowed to vary between exposures, mixing interindividual and
interoccasion variability. It is recommended that in subsequent calibrations, the different occasions with the
same individual be modeled together. This will also allow identification of any dose-related changes in
parameters (e.g., saturation).

Kimmerle and
Eben, 1973b

4657

Blood TCE levels are generally over-predicted for both single and multiexposure experiments. However,
levels at the end of exposure are rapidly changing, so some of those values may be better predicted if the
“exact” time after cessation of exposure were known.

Blood TCOH levels are fairly accurately predicted, although in some individuals in single exposure
experiments, there is a tendency to overpredict at early times and underpredict at late times. In multiexposure
experiments, the decline after the last exposure was somewhat steeper than predicted. Urinary excretion of
TCA and TCOH was well predicted.

Only grouped data on alveolar air concentrations were available, so they were not used.

Laparé et al.,
1995

34

Predictions for these data were not accurate. However, there was an error in some of the exposure
concentrations used in the original calibration. In addition, the last exposure “occasion” in these experiments
involved exercise/workload, and so should be excluded. Finally, individual data are available for these
experiments.

62—-65
(individual
data)

Taking into account these changes, population-based predictions were somewhat more accurate. However,
alveolar air concentrations and venous blood TCE concentrations were still over-predicted.
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Table A-3. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in humans (continued)

Reference

Simulation #

Calibration
data

Discussion

Monster et al.,
1976

5-6
(summary
data)

\/

Individual-specific predictions were quite good, except that for blood TCA concentrations exhibited a higher
peak that predicted. However, TCOH values were entered as free TCOH, whereas the TCOH data were
actually total (freet+glucuronidated) TCOH. Therefore, for population-based predictions, this change was
made. In addition, as with the Monster et al. (1979) data, minute-volume and exhaled air concentrations were
measured and incorporated for population-based predictions. Finally, individual-specific data are available, so
in those data should replace the grouped data in any revised calibration. These individual data also included
estimates of retained dose based on complete inhaled and exhaled air samples during exposure.

For population-based predictions, as with the Monster et al. (1979) data, grouped urinary and blood
TCOH/TCOG was somewhat under-predicted in the population-based predictions, and grouped alveolar and
blood TCE concentrations were somewhat over-predicted.

58-61
(individual
data)

The results for the individual data were similar, but exhibited substantially greater variability that predicted.
For instance, in subject A, blood TCOH levels were generally greater than the 95% confidence interval at both
70 and 140 ppm, whereas predictions for blood TCOH in subject D were quite good. In another example, for
blood TCE levels, predictions for subject B were quite good, but those for subject D were poor (substantially
overpredicted). Thus, it is anticipated that adding these individual data will be substantially informative as to
interindividual variability, especially since all 4 individuals were exposed at 2 different doses.

Monster et al.,
1979

Individual-specific predictions for these data were quite good. However, TCA values were entered as plasma,
whereas the TCA data were actually in whole blood. Therefore, for population-based predictions, this change
was made. In addition, two additional time-courses were available that were not used in calibration: exhaled
air concentrations and total TCOH blood concentrations. These were added for population-based predictions.

In addition, the original article had data on ventilation rate, which as incorporated into the model. The
minute volume needed to be converted to alveolar ventilation rate for the model, but this required adjusted for
an extra dead space volume of 0.15 L due to use of a mask, as suggested in the article. The measured mean
minute volume was 11 L/min, and with a breathing rate of 14 breaths/min (assumed in the article), this
corresponding to a total volume of 0.79 L. Subtracting the 0.15 L of mask dead space and 0.15 L of
physiological dead space (suggested in the article) gives 0.49 L of total physiological dead space. Thus, the
minute volume of 11 L/min was adjusted by the factor 0.49/0.79 to give an alveolar ventilation rate of 6.8
L/min, which is a reasonably typical value at rest.

Due to extra nonphysiological dead space issue, some adjustment to the exhaled air predictions also
needed to be made. The alveolar air concentration CAlv was, therefore, estimated based on the formula
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Table A-3. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in humans (continued)

Calibration

Reference Simulation # data Discussion

Monster et al., 4 (continued) CAlv = (CExh x VTot — CInh x VDs)/VAlv

1979 (continued) where CExh is the measured exhaled air concentration, VTot is the total volume (alveolar space VAlv of
0.49 L, physiological dead space of 0.15 L, and mask dead space of 0.15 L), VDs is the total dead space of
0.3 L, and Clnh is the inhaled concentration.

Population-based predictions for these data lead to slight underestimation urinary TCOG and blood

TCOH levels, as well as some over-prediction of alveolar air and venous blood concentrations by factors of
3~10-fold.

Muller et al., 7-10 \ Individual-specific predictions for these data were good, except for alveolar air concentrations. However,

1972, 1974, several problems were found with these data as utilized in the original calibration:

1975 ¢ Digitization problems, particular with the time axis in the multiday exposure study (Simulation 9) that led

to measurements taken prior to an exposure modeled as occurring during the exposure. The original
digitization from Bois (2000b) and Clewell et al. (2000) was used for population-based estimates.

¢ Original article showed TCA as measured in plasma, not blood as was assumed in the calibration.

¢ Blood was taken from the earlobe, which is thought to be indicative of arterial blood concentrations, rather
than venous blood concentrations.

e TCOH in blood was free, not total, as Ertle et al. (1972 [cited in Methods]) had no use of beta-
glucuronidase in analyzing blood samples. Separate free and total measurements were done in plasma (not
whole blood), but these data were not included.

e Simulation 9, contiguous data on urinary excretion were only available out to 6 d, so only that data should
be included.

e Simulation 10, is actually the same as the first day of simulation 9, from Muller et al. (1972, 1975) (the
data were reported in both papers), and, thus, should be deleted.

These were corrected in the population-based estimates. Alveolar air concentration measurements remained
over-predicted, while the change to arterial blood led to over-prediction of those measurements during
exposure (but postexposure predictions were accurate).
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Table A-3. Evaluation of Hack et al. (2006) PBPK model predictions for in vivo data in humans (continued)

Reference

Simulation #

Calibration
data

Discussion

Muller et al.,
1974

81-82 (TCA
and TCOH
dosing)

The experiment with TCA showed somewhat more rapid decline in plasma levels than predicted, but still well
within the 95% confidence range. Urinary excretion was well predicted, but only accounted for 60% of the
administered dose—this is not consistent with the rapid decline in TCA plasma levels (10-fold lower than
peak at the end of exposure), which would seem to suggest the majority of TCA has been eliminated. With
TCOH dosing, blood levels of TCOH were over-predicted in the first 5 hours, perhaps due to slower oral
absorption (the augmented model used instantaneous and complete absorption). TCA plasma and urinary
excretion levels were fairly well predicted. However, urinary excretion of TCOG was near the bottom of the
95% confidence interval; while, in the same individuals with TCE dosing (Simulation 7), urinary excretion of
TCOG was substantially greater (near slightly above the interquartile region). Furthermore, total TCA and
TCOG urinary excretion accounted for <40% of the administered dose.

Paycok and
Powell, 1945

35-37

Population-based fits were good, within the inner quartile region.

Sato et al., 1977

76

Both alveolar air and blood concentrations are over-predicted in this model. Urinary TCA and TCOG, on the
other hand, are well predicted.

Stewart et al.,
1970

11

Individual-specific predictions for these data were good, except for some alveolar air concentrations.
However, a couple of problems were found with these data as utilized in the original calibration:

o The original article noted that individual took a lunch break during which there was no exposure. This was
not accounted for in the calibration runs, which a assumed a continuous 7-h exposure. The exposures
were, therefore, revised with a 3-h morning exposure (9—12), a 1 hour lunch break (12—1), and 4-h
afternoon exposure (1-5), to mimic a typical workday. The times of the measurements had to be revised
as well, since the article gave “relative” rather than “absolute” times (e.g., x hours postexposure).

¢ Contiguous data on urinary excretion were only available out to 11 d, so only that data should be included
(Table 2).

With these changes, population-based predictions of urinary TCA and TCOG were still accurate, but alveolar
air concentrations were over-predicted.

Triebig et al.,
1976

12

Only two data points are available for alveolar air, and blood TCA and TCOH. Only one data point is
available on blood TCE. Alveolar air was underpredicted at 24 h. Blood TCA and TCOH were within the
95% confidence ranges. Blood TCE was over-predicted substantially (outside 95% confidence range).

SD = standard deviation.
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Next, only samples of the population parameters (means and variances) were used, and

“new individuals” were sampled from appropriate distribution using these population means and

variances. These “new individuals” then represent the predicted population distribution,

incorporating both variability as well as uncertainty in the population means and variances.

These “population-based” predictions were then compared to both the data used in calibration, as

well as the additional data identified that was not used in calibration. The Hack et al. (2006)
PBPK model was modified to accommodate some of the different outputs (e.g., arterial blood,
intermittently collected urine, retained dose) and exposure routes (TCA i.v., oral TCA, and

TCOH) used in the “noncalibration” data, but otherwise unchanged.

A.2.3.3.1.1. Individual-specific predictions and calibration data. [See
Appendix.linked.files\AppA.2.3.3.1.1.Hack.human.indiv.calib. TCE.DRAFT.pdf.]

A.2.3.3.1.2. Population-based predictions and calibration and additional evaluation data.
[See Appendix.linked.files\AppA.2.3.3.1.2.Hack.human.pop.calib.eval. TCE.DRAFT.pdf.]

A.2.3.3.2. Conclusions regarding human model.

A.2.3.3.2.1. Trichloroethylene (TCE) concentrations in blood and air are often not well-

predicted. Except for the Chiu et al. (2007) during exposure, TCE alveolar air levels were
consistently overpredicted. Even in Chiu et al. (2007), TCE levels postexposure were over-
predicted, as the drop-off after the end of exposure was further than predicted. Because
predictions for retained dose appear to be fairly accurate, this implies that less clearance is
occurring via exhalation than predicted by the model. This could be the result of additional
metabolism or storage not accounted for by the model.

Except for the Fisher et al. (1998) data, TCE blood levels were consistently
overpredicted. Because the majority of the data used for calibration was from Fisher et al.
(1998), this implies that the Fisher et al. (1998) data had blood concentrations that were

consistently higher than the other studies. This could be due to differences in metabolism and/or

distribution among studies.

Interestingly, the mouse inhalation data also exhibited inaccurate prediction of blood
TCE levels. Hypotheses such as fractional uptake or presystemic elimination due to local
metabolism in the lung have not been tested experimentally, nor is it clear that they can explain

the discrepancies.
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Due to the difficulty in accurately predicted blood and air concentrations, there may be
substantial uncertainty in tissue concentrations of TCE. However, such potential model errors

can be characterized estimated and estimated as part of a revised calibration.

A.2.3.3.2.2. Trichloroacetic acid (TCA) blood concentrations well predicted following
trichloroethylene (TCE) exposures, but some uncertainty in TCA flux and disposition. TCA

blood and plasma concentrations and urinary excretion, following TCE exposure, are generally
well predicted. Even though the model’s central estimates over-predicted the Chiu et al. (2007)
TCA data, the confidence intervals were still wide enough to encompass those data.

However, the total flux of TCA may not be correct, as evidenced by TCA dosing studies,
none of which were included in the calibration. In these studies, total recovery of urinary TCA
was found to be substantially less than the administered dose. However, the current model
assumes that urinary excretion is the only source of clearance of TCA. This leads to
overestimation of urinary excretion. This fact, combined with the observation that under TCE
dosing, the model appears to give accurate predictions of TCA urinary excretion for several
datasets, strongly suggests a discrepancy in the amount of TCA formed from TCE. That is, since
the model appears to overpredict the fraction of TCA that appears in urine, it may be reducing
TCA production to compensate. Inclusion of the TCA dosing studies, along with inclusion of a
nonrenal clearance pathway, would probably be helpful in reducing these discrepancies. Finally,
improvements in the TCOH/TCOG submodel, below, should also help to insure accurate

estimates of TCA kinetics.

A.2.3.3.2.3. Trichloroethanol—trichlorethanol-glucuronide conjugate (TCOH/TCOG)
submodel requires revision and recalibration. Blood levels of TCOH and urinary excretion of

TCOG were generally well predicted. Additional individual data show substantial
interindividual variability than can be incorporated into the calibration. Several errors as to the
measurement of free or total TCOH in blood need to be corrected.

A few inconsistencies with noncalibration datasets stand out. The presence of substantial
TCOG in blood in the Chiu et al. (2007) data are not predicted by the model. Interestingly, only
two studies that included measurements of TCOG in blood (rather than just total TCOH or just
free TCOH)—Muller et al. (1975), which found about 17% of total TCOH to be TCOG, and
Fisher et al. (1998), who could not detect TCOG. Both of these studies had exposures at
100 ppm. Interestingly Muller et al. (1975) reported increased TCOG (as fraction of total
TCOH) with ethanol consumption, hypothesizing the inhibition of a glucuronyl transferase that
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slowed glucuronidation. This also would result in a greater half-life for TCOH in blood with
ethanol consumptions, which was observed.

An additional concern is the over-prediction of urinary TCOG following TCOH
administration from the Muller et al. (1974) data. Like the case of TCA, this indicates that some
other source of TCOH clearance (not to TCA or urine—e.g., to DCA or some other untracked
metabolite) is possible. This pathway can be considered for inclusion, and limits can be placed
on it using the available data.

Also, as for TCA, the fact that blood and urine are relatively well predicted from TCE
dosing strongly suggests a discrepancy in the amount of TCOH formed from TCE. That is, since
the model appears to overpredict the fraction of TCOH that appears in urine, it may be reducing
TCOH production to compensate.

Finally, as with the rat and mice, the model needs to ensure that any first pass effect is
accounted for appropriately. Particularly for the Chiu et al. (2007) data, in which substantial
TCOG appears in blood, since TCOH is formed in the liver from TCE, and TCOH is also
glucuronidated in the liver to TCOG, a substantial portion of the TCOH may be glucuronidated
before reaching systemic circulation. Thus, suggests that a liver compartment for TCOH is
necessary. Furthermore, because substantial TCOG can be excreted in bile from the liver prior
to systemic circulation, a liver compartment for TCOG may also be necessary to address that
first pass effect. In addition, in light of the Chiu et al. (2007) data, it may be useful to expand the
prior range for the Ky of TCOH glucuronidation.

The addition of the liver compartment will necessitate several changes to model
parameters. The distribution volume for TCOH will be replaced by two parameters: the
liver:blood and body:blood partition coefficients. Similarly for TCOG, liver:blood and
body:blood partition coefficients will need to be added. Clearance of TCOH to TCA and TCOG
can be redefined as occurring in the liver, and urinary clearance can be redefined as coming from
the rest of the body. Fortunately, there are in vitro partition coefficients for TCOH. It may be
important to incorporate the fact that Fisher et al. (1998) found no TCOG in blood. This can be
included by having the TCOH data be used for both free and total TCOH (particularly since that

is how the estimation of TCOG was made—by taking the difference between total and free).

A.2.3.3.2.4. Uncertainty in estimates of total metabolism. Estimates of total recovery after
TCE exposure (TCE in exhaled air, TCA and TCOG in urine) have been found to be only
60—70% (Monster et al., 1976, 1979; Chiu et al., 2007). Even estimates of total recovery after
TCA and TCOH dosing have found 25—50% unaccounted for in urinary excretion (Paycok and
Powell, 1945; Muller et al., 1974). Bartonicek found some TCOH and TCA in feces, but this
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was about 10-fold less than that found in urine, so this cannot account for the discrepancy.
Therefore, it is likely that additional metabolism of TCE, TCOH, and/or TCA are occurring.
Additional metabolism of TCE could account for the consistent overestimation of TCE in blood
and exhaled breath found in many studies. However, no data are directly informative as to the
fraction of total metabolism in the lung, the amount of “untracked” hepatic oxidative metabolism
(parameterized as “FracDCA”), or any other extrahepatic metabolism. The lung (TB)
metabolism as currently modeled could just as well be located in other extrahepatic tissues, with
little change in calibration. In addition, it is difficult to distinguish between untracked hepatic

oxidative metabolism and GSH conjugation, particularly at low doses.

A.3. PRELIMINARY ANALYSIS OF MOUSE GAS UPTAKE DATA: MOTIVATION
FOR MODIFICATION OF RESPIRATORY METABOLISM

Potential different model structures can be investigated using the core PBPK model
containing averaged input parameters, since this approach saves computational time and is more
efficient when testing different structural hypotheses. This approach is particularly helpful for
quick comparisons of data with model predictions. During the calibration process, this approach
was used for different routes of exposure and across all three species. For both mice and rats, the
closed chamber inhalation data resulted in fits that were considered not optimal when visually
examined. Although closed chamber inhalation usually combines multiple animals per
experiment, and may not be as useful in differentiating between individual and experimental
uncertainty (Hack et al., 2006), closed chamber data do describe in vivo metabolism and have
been historically used to quantify averaged in vivo Michaelis-Menten kinetics in rodents.

There are several assumptions used when combining PBPK modeling and closed
chamber data to estimate metabolism via regression. The key experimental principles require a
tight, sealed, or air-closed system where all chamber variables are controlled to known set points
or monitored, that is all except for metabolism. For example, the inhalation chamber is
calibrated without an animal, to determine normal absorption to the empty system. This empty
chamber calibration is then followed with a dead animal experiment, identical in every way to
the in vivo exposure, and is meant to account for every factor other than metabolism, which is
zero in the dead animal. When the live animal(s) are placed in the chamber, oxygen is provided
for, and carbon dioxide accumulated during breathing is removed by absorption with a chemical
scrubber. A bolus injection of the parent chemical, TCE, is given and this injection time starts
the inhalation exposure. The chemical inside the chamber will decrease with time, as it is

absorbed by the system and the metabolic process inside the rodent. Since all known processes
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contributing to the decline are quantified, except for metabolism, the metabolic parameters can
be extracted from the total chamber concentration decline using regression techniques.

The basic structure for the PBPK model that is linked to closed chamber inhalation data
has the same basic structure as described before. The one major difference is the inclusion of
one additional equation that accounts for mass balance changes inside the inhalation chamber or
system, and connects the chamber with the inhaled and exhaled concentrations breathed in and

out by the animal:

dA A4

—C”=RATS(QP)(CX — =) =K, pss Acy (Eq. A-4)
dt Ve,
where
RATS = number of animals in the chamber
Op = alveolar ventilation rate
Cx = exhaled concentration
Acy = net amount of chemical inside chamber
Ven = volume of chamber
K oss = loss rate constant to glassware.

An updated model was developed that included updated physiological and chemical-
specific parameters as well as GSH metabolism in the liver and kidney, as discussed in
Chapter 3. The PBPK model code was translated from MCSim to use in Matlab® (version
7.2.0.232, R2006a, Natick, MA) using their m language. This PBPK model made use of fixed or
constant, averaged values for physiological, chemical and other input parameters; there were no
statistical distributions attached to each average value. As an additional step in quality control,
mass balance was checked for the MCSim code, and comparisons across both sets of code were
made to ensure that both sets of predictions were the same.

The resulting simulations were compared to mice gas uptake data (Fisher et al., 1991)
after some adjustments of the fat compartment volumes and flows based on visual fits, and
limited least-squares optimization of just Vmax (different for males and females) and Ky (same
for males and females). The results are shown in the top panels of Figures A-3—A-4, which
showed poor fits particularly at lower chamber concentrations. In particular, metabolism is
observed to be faster than predicted by simulation. This is directly related to metabolism of TCE
being limited by hepatic blood flow at these exposures. Indeed, Fisher et al. (1991) was able to
obtain adequate fits to these data by using cardiac output and ventilation rates that were about
2-fold higher than is typical for mice. Although their later publication reporting inhalation
experiments (Greenberg et al., 1999) used the lower values from Brown et al. (1997) for these
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parameters, they did not revisit the Fisher et al. (1991) data with the updated model. In addition,
the Hack et al. (2006) model estimated the cardiac output and ventilation rate and for these
experiments to be about 2-fold higher than typical. However, it seems unlikely that cardiac
output and ventilation rate were really as high as used in these models, since TCE and other
solvents typically have central nervous system-depressing effects. In the mouse, after the liver,
the lung has the highest rate of oxidative metabolism, as assessed by in vitro methods (see
footnote in Section 3.5.4.2 for a discussion of why kidney oxidative metabolism is likely to be
minor quantitatively). In addition, TCE administered via inhalation is available to the lung
directly, as well as through blood flow. Therefore, it was hypothesized that a more refined
treatment of respiratory metabolism may be necessary to account for the additional metabolism.

The structure of the updated respiratory metabolism model is shown in Figure A-5, with
the mathematical formulation shown in the model code in Section A.6, where the “D” is the
diffusion rate, “concentrations” and “amounts” are related by the compartment volume, and the
other symbols have their standard meanings in the context of PBPK modeling. In brief, this is a
more highly “lumped” version of the Sarangapani et al. (2003) respiratory metabolism model for
styrene combined with a “continuous breathing” model to account for a possible wash-in/wash-
out effect. In brief, upon inhalation (at a rate equal to the full minute volume, not just the
alveolar ventilation), TCE can either (1) diffuse between the respiratory tract lumen and the
respiratory tract tissue; (2) remain in the dead space, or (3) enter the gas exchange region. In the
respiratory tract tissue, TCE can either be “stored” temporarily until exhalation, during which it
diffuses to the “exhalation” respiratory tract lumen, or be metabolized. In the dead space, TCE is
transferred directly to the “exhalation” respiratory tract lumen at a rate equal to the minute-
volume minus the alveolar ventilation rate, where it mixes with the other sources. In the gas
exchange region, it undergoes transfer to and from blood, as is standard for PBPK models of
volatile organics. Therefore, if respiratory metabolism is absent (VyaxClara = 0), then the
model reduces to a wash-in/wash-out effect where TCE is temporarily adsorbed to the
respiratory tract tissue, the amount of which depends on the diffusion rate, the volume of the
tissue, and the partition coefficients.

The results of the same limited optimization, now with additional parameters VyaxClara,
KymClara, and D being estimated simultaneously with the hepatic Vyax and Ky, are shown in the
bottom panels of Figures A-2 and A-3. The improvement in the model fits is obvious, and these
results served as a motivation to include this respiratory metabolism model for analysis by the

more formal Bayesian methods.
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Figure A-3. Limited optimization results for male closed chamber data from
Fisher et al. (1991) without (top) and with (bottom) respiratory metabolism.
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Figure A-4. Limited optimization results for female closed chamber data
from Fisher et al. (1991) without (top) and with (bottom) respiratory
metabolism.
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Figure A-5. Respiratory metabolism model for updated PBPK model.

A.4. DETAILS OF THE UPDATED PHYSIOLOGICALLY BASED
PHARMACOKINETIC (PBPK) MODEL FOR TRICHLOROETHYLENE (TCE)
AND ITS METABOLITES

The structure of the updated PBPK model and the statistical population model are shown
graphically in Chapter 3, with the model code shown below in Section A.6. Details as to its

parameter values and their prior distributions are given below.

A.4.1. Model Parameters and Baseline Values

The multipage Table A-4 below describes all the parameters of the updated PBPK model,
their baseline values (which are used as central estimates in the prior distributions for the
Bayesian analysis), and any scaling relationship used in their calculation. More detailed notes

are included in the comments of the model code (see Section A.6).
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Table A-4. PBPK model parameters, baseline values, and scaling relationships

Baseline value (if applicable)

Human Additional

Female Scaling (Sampled) | scaling | Notes/
Model parameter Abbreviation | Mouse Rat | (orboth) | Male Parameter (ifany) |source
Body weight (kg) BW 0.03 0.3 60 70 @
Flows
Cardiac output (L/h) Qc 11.6 13.3 16 InQCC BW** b
Alveolar ventilation (L/h) QP 2.5 1.9 0.96 InVPRC QC ¢
Respiratory lumen:tissue diffusion flow DResp InDRespC QP d
rate (L/h)
Physiological blood flows to tissues
Fat blood flow QFat 0.07 0.07 0.085 0.05 QFatC QC ©
Gut blood flow (portal vein) QGut 0.141 0.153 0.21 0.19 QGutC QC e
Liver blood flow (hepatic artery) QLiv 0.02 0.021 0.065 QLivC QC °
Slowly perfused blood flow QSlw 0.217 0.336 0.17 0.22 QSIiwC QC °
Kidney blood flow QKid 0.091 0.141 0.17 0.19 QKidC QC °
Rapidly perfused blood flow QRap e
Fraction of blood that is plasma FracPlas 0.52 0.53 0.615 0.567 FracPlasC f
Physiological volumes
Fat compartment volume (L) VFat 0.07 0.07 0.317 0.199 VFatC BW 9
Gut compartment volume (L) VGut 0.049 0.032 0.022 0.02 VGutC BW 9
Liver compartment volume (L) VLiv 0.055 0.034 0.023 0.025 VLivC BW 9
Rapidly perfused compartment volume (L) | VRap 0.1 0.088 0.093 0.088 VRapC BW 9
Volume of respiratory lumen (L air) VRespLum 0.004667 | 0.004667 | 0.002386 VRespLumC BW 9
Effective volume for respiratory tissue VRespEff 0.0007 0.0005 0.00018 0.00018 | VRespEffC BW x PResp | ¢
(L air) x PB
Kidney compartment volume (L) VKid 0.017 0.007 0.0046 0.0043 VKidC BW 9
Blood compartment volume (L) VBId 0.049 0.074 0.068 0.077 VBIdC BW 9
Total perfused volume (L) VPerf 0.8897 |0.8995 |0.85778 0.8560 BW 9
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Table A-4. PBPK model parameters, baseline values, and scaling relationships (continued)

Baseline value (if applicable)

Human Additional

Female Scaling (Sampled)| scaling |Notes/
Model parameter Abbreviation | Mouse Rat (or both) Male Parameter (if any) |source
Slowly perfused compartment volume (L) | VSIw g
Plasma compartment volume (L) VPlas "
TCA body compartment volume (L) VBod !
TCOH/G body compartment volume (L) | VBodTCOH ]
TCE distribution/partitioning
TCE blood/air partition coefficient PB 15 22 9.5 InPBC K
TCE fat/blood partition coefficient PFat 36 27 67 InPFatC !
TCE gut/blood partition coefficient PGut 1.9 1.4 2.6 InPGutC "
TCE liver/blood partition coefficient PLiv 1.7 1.5 4.1 InPLivC "
TCE rapidly perfused/blood partition PRap 1.9 1.3 2.6 InPRapC °
coefficient
TCE respiratory tissue:air partition PResp 2.6 1 1.3 InPRespC P
coefficient
TCE kidney/blood partition coefficient PKid 21 1.3 1.6 InPKidC q
TCE slowly perfused/blood partition PSliw 24 0.58 2.1 InPSIwC '
coefficient
TCA distribution/partitioning
TCA blood/plasma concentration ratio TCAPIlas 0.5 0.5 0.5 INPRBCPIasTCAC | See note s
Free TCA body/blood plasma partition PBodTCA 0.88 0.88 0.52 InPBodTCAC !
coefficient
Free TCA liver/blood plasma partition PLivTCA 1.18 1.18 0.66 InPLivTCAC !
coefficient
TCA plasma binding
Protein/TCA dissociation constant kDissoc 107 275 182 InkDissocC !
(umol/L)
Protein concentration (umole/L) BMax 0.88 1.22 4.62 InBMaxkDC !
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Table A-4. PBPK model parameters, baseline values, and scaling relationships (continued)

Baseline value (if applicable)

Human Additional
Female Scaling (Sampled) scaling Notes/

Model parameter Abbreviation | Mouse Rat (or both) Male Parameter (if any) |source
TCOH and TCOG distribution/partitioning
TCOH body/blood partition coefficient PBodTCOH 1.1 1.1 0.91 InPBodTCOHC Y
TCOH liver/body partition coefficient PLivTCOH 1.3 1.3 0.59 InPLivTCOHC Y
TCOG body/blood partition coefficient PBodTCOG 1.11 1.11 0.91 InPBodTCOGC v
TCOG liver/body partition coefficient PLivTCOG 1.3 1.3 0.59 InPLivTCOGC v
DCVG distribution/partitioning
DCVG effective volume of distribution | VDCVG InPeffDCVG See note X
TCE metabolism
Vuax for hepatic TCE oxidation (mg/h) Vmax 2,700 600 255 InVyaxC VLiv y
Kwu for hepatic TCE oxidation (mg/L) Kwm 36 21 InKyC y

66 InCIC See note y
Fraction of hepatic TCE oxidation not to FracOther InFracOtherC See note z
TCA+TCOH
Fraction of hepatic TCE oxidation to TCA | FracTCA 0.32 0.32 0.32 InFracTCAC See note aa
Vuax for hepatic TCE GSH conjugation | VuaxDCVG 300 66 INVuaxDCVGC VLiv bb
(mg/h) 1.53 0.25 19 InCIDCVGC bb
Ky for hepatic TCE GSH conjugation KuDCVG 2.9 InKyDCVGC ob
(mglL)
Vuax for renal TCE GSH conjugation VuaxKidDCVG | 60 6 InVuaxKidDCVGC | VKid ob
(mg/h) 0.34 0.026 |230 InCIKidDCVGC bb
Kwm for renal TCE GSH conjugation (mg/L) | KyKidDCVG 2.7 InKyKidDCVGC bb
TCE metabolism (respiratory tract)
Vuax for tracheo-bronchial TCE oxidation | VyaxClara 0.070102| 0.014347| 0.027273 | 0.025253 | InVyaxLungLivC | Vyax e
(mg/h)
K for tracheo-bronchial TCE oxidation KuClara InKyClara «
(mg/L air)




60/0¢/01

v
Ad1j0d U3y 21n135U09 J0U S20p pub AJuo sasod.ind Maiaa.a 410 Jfpap D S1 JUWNI0P S1Y |

4L0N0 YO LD LON Od :1AvVid

Table A-4. PBPK model parameters, baseline values, and scaling relationships (continued)

Baseline value (if applicable)

Human Additional
Female Scaling (Sampled) scaling Notes/
Model parameter Abbreviation | Mouse Rat (or both) Male Parameter (if any) |source
Fraction of respiratory oxidation entering | FracLungSys InFracLungSysC | See note ad
systemic circulation
TCOH metabolism
Vuax for hepatic TCOH->TCA (mg/h) VuaxTCOH InVyaxTCOHC BW¥
InCITCOHC BW>*
Kw for hepatic TCOH->TCA (mg/L) KuyTCOH InKyTCOH
Vuax for hepatic TCOH->TCOG (mg/h) | VuaxGluc INVyaxGlucC BW**
InCIGlucC BW*
Kw for hepatic TCOH->TCOG (mg/L) KuGluc InKyGluc
Rate constant for hepatic TCOH->other | kMetTCOH InkMetTCOHC BW ™
(/h)
TCA metabolism/clearance
Rate constant for TCA plasma->urine (/h) | kUrnTCA 0.6 0.522 0.108 InkUrnTCAC VPlas™ e
Rate constant for hepatic TCA->other (/h) | kMetTCA InkMetTCAC BW™
TCOG metabolism/clearance
Rate constant for TCOG liver->bile (/h) kBile InkBileC BW "
Lumped rate constant for TCOG bile- kEHR InkKEHRC BW™
>TCOH liver (/h)
Rate constant for TCOG->urine (/h) kUrnTCOG 0.6 0.522 0.108 InkUrnTCOGC VBId™ ee
DCVG metabolism
Rate constant for hepatic DCVG->DCVC | kDCVG InkDCVGC BW " f
(/h)
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Table A-4. PBPK model parameters, baseline values, and scaling relationships (continued)

Baseline value (if applicable)

Human Additional

Female Scaling (Sampled) scaling Notes/
Model parameter Abbreviation | Mouse Rat (or both) Male Parameter (if any) |source
DCVC metabolism/clearance
Lumped rate constant for DCVC->Urinary | KNAT INKNATC BW™ %
NAcDCVC (/h)
Rate constant for DCVC bioactivation (/h) | kKidBioact InkKidBioactC BW™ %
Oral uptake/transfer coefficients
TCE Stomach-duodenum transfer kTSD InkTSD h
coefficient (/h)
TCE stomach absorption coefficient (/h) | kAS InkAS nh
TCE duodenum absorption coefficient (/h) | KAD InkAD nh
TCA stomach absorption coefficient (/h) | KASTCA InkASTCA nh
TCOH stomach absorption coefficient (/h) | KASTCOH INkASTCOH hh

Explanatory note. Unless otherwise noted, the model parameter is obtained by multiplying (1) the “baseline value” (equals 1 if not specified) times (2) the

scaling parameter [or for those beginning with “In,” which are natural-log transformed, exp(InXX)] times (3) any additional scaling as noted in the second to last
column. Unless otherwise noted, all log-transformed scaling parameters have baseline value of 0 [i.e., exp(InXX) has baseline value of 1] and all other scaling

parameters have baseline parameters of 1.

aUse measured value if available.

°If QP is measured, then scale by QP using VPR. Baseline values are from Brown et al. (1997) (mouse and rat) and ICRP (International Commission on
Radiological Protection) Publication 89 (2003) (human).
‘Use measured QP, if available; otherwise scale by QC using alveolar VPR. Baseline values are from Brown et al. (1997) (mouse and rat) and ICRP Publication

89 (2003) (human).

9Scaling parameter is relative to alveolar ventilation rate.

‘Fat represents adipose tissue only. Gut is the gastro-intestinal tract, pancreas, and spleen (all drain to the portal vein). Slowly perfused tissue is the muscle and
skin. Rapidly perfused tissue is the rest of the organs, plus the bone marrow and lymph nodes, the blood flow for which is calculated as the difference between
QC and the sum of the other blood flows. Baseline values are from Brown et al. (1997) (mouse and rat) and ICRP Publication 89 (2003) (human).

"This is equal to 1 minus the hematocrit (measured value used if available). Baseline values from control animals in Hejtmancik et al. (2002) (mouse and rat) and

ICRP Publication 89 (2003) (human).
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Table A-4. PBPK model parameters, baseline values, and scaling relationships (continued)

fFat represents adipose tissue only, and the measured value is used, if available. Gut is the gastro-intestinal tract, pancreas, and spleen (all drain to the portal
vein). Rapidly perfused tissue is the rest of the organs, plus the bone marrow and lymph nodes, minus the tracheobronchial region. The respiratory tissue
volume is tracheobronchial region, with an effective air volume given by multiplying by its tissue:air partition coefficient (= tissue:blood times blood:air). The
slowly perfused tissue is the muscle and skin. This leaves a small (10—15% of body weight [BW]) unperfused volume that consists mostly of bone (minus
marrow) and the gastro-intestinal tract contents. Baseline values are from Brown et al. (1997) (mouse and rat) and ICRP Publication 89 (2003) (human),
except for volumes of the respiratory lumen, which are from Sarangapani et al. (2003).

%‘Derived from blood volume using FracPlas.

'Sum of all compartments except the blood and liver.

’Sum of all compartments except the liver.

“Mouse value is from pooling Abbas and Fisher (1997) and Fisher et al. (1991). Rat value is from pooling Sato et al. (1977), Gargas et al. (1989), Barton et al.
(1995), Simmons et al. (2002), Koizumi (1989), and Fisher et al. (1989). Human value is from pooling Sato and Nakajima (1979), Sato et al. (1977), Gargas et
al. (1989), Fiserova-Bergerova et al. (1984), Fisher et al. (1998), and Koizumi (1989).

'"Mouse value is from Abbas and Fisher (1997). Rat value is from pooling Barton et al. (1995), Sato et al. (1977), and Fisher et al. (1989). Human value is from
pooling Fiserova-Bergerova et al. (1984), Fisher et al. (1998), and Sato et al. (1977).

"Value is the geometric mean of liver and kidney (relatively high uncertainty) values.

"Mouse value is from Fisher et al. (1991). Rat value is from pooling Barton et al. (1995), Sato et al. (1977), and Fisher et al. (1989). Human value is from
pooling Fiserova-Bergerova et al. (1984) and Fisher et al. (1998).

°Mouse value is geometric mean of liver and kidney values. Rat value is the brain value from Sato et al. (1977). Human value is the brain value from Fiserova-
Bergerova et al. (1984).

PMouse value is the lung value from Abbas and Fisher (1997). Rat value is the lung value from Sato et al. (1977). Human value is from pooling lung values
from Fiserova-Bergerova et al. (1984) and Fisher et al. (1998).

9Mouse value is from Abbas and Fisher (1997). Rat value is from pooling Barton et al. (1995) and Sato et al. (1977). Human value is from pooling Fiserova-
Bergerova et al. (1984) and Fisher et al. (1998).

"Mouse value is the muscle value from Abbas and Fisher (1997). Rat value is the muscle value from pooling Barton et al. (1995), Sato et al. (1977), and Fisher et
al. (1989). Human value is the muscle value from pooling Fiserova-Bergerova et al. (1984) and Fisher et al. (1998).

*Scaling parameter is the effective partition coefficient between red blood cells and plasma. Thus, the TCA blood-plasma concentration ratio depends on the
plasma fraction. Baseline value is based on the blood-plasma concentration ratio of 0.76 in rats (Schultz et al., 1999).

‘In vitro partition coefficients were determined at high concentration, when plasma binding is saturated, so should reflect the free blood:tissue partition
coefficient. To get the plasma partition coefficient, the partition coefficient is multiplied by the blood:plasma concentration ratio (TCAPIlas). In vitro values
were from Abbas and Fisher (1997) in the mouse (used for both mouse and rat) and from Fisher et al. (1998). Body values based on measurements in muscle.

"Values are based on the geometric mean of estimates based on data from Lumpkin et al. (2003), Schultz et al. (1999), Templin et al. (1993, 1995), and Yu et al.
(2000). Scaling parameter for Byax is actually the ratio of Byax/kD, which determines the binding at low concentrations.

"Data are from Abbas and Fisher (1997) in the mouse (used for the mouse and rat) and Fisher et al. (1998) (human).

“Used in vitro measurements in TCOH as a proxy, but higher uncertainty is noted.

*The scaling parameter (only used in the human model) is the effective partition coefficient for the “body” (nonblood) compartment, so that the distribution
volume VDCVG is given by VBId + exp(InPeffDCVG) % (VBod + VLiv).
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Table A-4. PBPK model parameters, baseline values, and scaling relationships (continued)

YBaseline values have the following units: for Vi, mg/hour/kg liver; for Ky, mg/L blood; and for clearance (Cl), L/hour/kg liver (in humans, Ky, is calculated
from Ky = Vya/(exp(InCIC) x Vliv). Values are based on in vitro (microsomal and hepatocellular preparations) from Elfarra et al. (1998), Lipscomb et al.
(1997, 1998a, b). Scaling from in vitro data based on 32 mg microsomal protein/g liver and 99 x 106 hepatocytes/g liver (Barter et al., 2007). Scaling of Ky,
from microsomes were based on two methods: (1) assuming microsomal concentrations equal to liver tissue concentrations and (2) using the measured
microsome:air partition coefficient and a central estimate of the blood:air partition coefficient. For Ky from human hepatocyte preparations, the measured
hepatocyte:air partition coefficient and a central estimate of the blood:air partition coefficient was used.

“Scaling parameter is ratio of “DCA” to “non-DCA” oxidative pathway (where DCA is a proxy for oxidative metabolism not producing TCA or TCOH).
Fraction of “other” oxidation is exp(InFracOtherC)/(1 + exp[InFracOtherC]).

*Scaling parameter is ratio of TCA to TCOH pathways. Baseline value based on geometric mean of Lipscomb et al. (1998b) using fresh hepatocytes and
Bronley-DeLancey et al. (2006) using cryogenically-preserved hepatocytes. Fraction of oxidation to TCA is
(1 — FracOther) x exp(InFracTCAC)/(1 + exp[InFracTCAC]).

" Baseline values are based on in vitro data. In the mouse and rat, the only in vitro data are at 1 or 2 mM (Lash et al., 1995, 1998). In most cases, rates at 2 mM
were increased over the same sex/species at | mM, indicating Vi, has not yet been reached. These data therefore put lower bounds on both Vi, (in units of
mg/hour/kg tissue) and clearance (in units of L/hour/kg tissue), so those are the scaling parameters used, with those bounds used as baseline values. For
humans, data from Lash et al. (1999a) in the liver (hepatocytes) and the kidney (cytosol) and Green et al. (1997) (liver cytosol) was used to estimate the
clearance in units of L/hour/kg tissue and Ky in units of mg/L in blood.

“Scaling parameter is the ratio of the lung to liver Vi, (each in units of mg/hour), with baseline values based on microsomal preparations (mg/hour/mg protein)
assayed at ~1 mM (Green et al., 1997), further adjusted by the ratio of lung to liver tissue masses (Brown et al., 1997; ICRP Publication 89 [2003]).

4Scaling parameter is the ratio of respiratory oxidation entering systemic circulation (translocated to the liver) to that locally cleared in the lung. Fraction of
respiratory oxidation entering systemic circulation is exp(InFracLungSysC)/(1 + exp[InFracLungSysC]).

“Baseline parameters for urinary clearance (L/hour) were based on glomular filtration rate per unit body weight (L/hour/kg BW) from Lin (1995), multiplied by
the body weights cited in the study. For TCA, these were scaled by plasma volume to obtain the rate constant (/hour), since the model clears TCA from
plasma. For TCOG, these were scaled by the effective distribution volume of the body (VBodTCOH x PBodTCOG) to obtain the rate constant (/hour), since
the model clears TCOG from the body compartment.

"Human model only.

#8Rat and human models only.

ihBaseline value for oral absorption scaling parameter are as follows: kTSD and kAS, 1.4/hour, based on human stomach half time of 0.5 hour; kAD, kKASTCA,
and kKASTCOH, 0.75/hour, based on human small intestine transit time of 4 hours (ICRP Publication 89, 2003). These are noted to have very high uncertainty.

DCVG = S-dichlorovinyl glutathione.
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A.4.2. Statistical Distributions for Parameter Uncertainty and Variability
A.4.2.1. Initial Prior Uncertainty in Population Mean Parameters

The following multipage Table A-5 describes the initial prior distributions for the
population mean of the PBPK model parameters. For selected parameters, rat prior distributions
were subsequently updated using the mouse posterior distributions, and human prior distributions

were then updated using mouse and rat posterior distributions (see Section A.4.2.2).

A.4.2.2. Interspecies Scaling to Update Selected Prior Distributions in the Rat and Human

As shown in Table A-5, for several parameters, there is little or no in vitro or other prior
information available to develop informative prior distributions, so many parameters had
lognormal or log-uniform priors that spanned a wide range. Initially, the PBPK model for each
species was run with the initial prior distributions in Table A-5, but, in the time available for
analysis (up to about 100,000 iterations), only for the mouse did all these parameters achieve
adequate convergence. Additional preliminary runs indicated replacing the log-uniform priors
with lognormal priors and/or requiring more consistency between species could lead to adequate
convergence. However, an objective method of “centering” the lognormal distributions that did
not rely on the in vivo data (e.g., via visual fitting or limited optimization) being calibrated
against was necessary in order to minimize potential bias.

Therefore, the approach taken was to consider three species sequentially, from mouse to
rat to human, and to use a model for interspecies scaling to update the prior distributions across
species (the original prior distributions define the prior bounds). This sequence was chosen
because the models are essentially “nested” in this order—the rat model adds to the mouse model
the “downstream” GSH conjugation pathways, and the human model adds to the rat model the
intermediary S-dichlorovinyl glutathione (DCVG) compartment. Therefore, for those
parameters with little or no independent data on/y, the mouse posteriors were used to update the
rat priors, and both the mouse and rat posteriors were used to update the human priors. A list of
the parameters for which this scaling was used to update prior distributions is contained in
Table A-6, with the updated prior distributions. The correspondence between the “scaling
parameters” and the physical parameters generally follows standard practice, and were explicitly
described in Table A-4. For instance, Vmax and clearance rates are scaled by body weight to the
%, power, whereas Ky values are assumed to have no scaling, and rate constants (inverse time

units) are scaled by body weight to the —%4 power.

This document is a draft for review purposes only and does not constitute Agency policy.
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Table A-5. Uncertainty distributions for the population mean of the PBPK model parameters
Mouse Rat Human
Truncation Truncation Truncation
Scaling (sampled) SD or |(xnxSD) or SD or |(xnxSD) or SD or |(nxSD) or| Notes/
parameter Distribution® Min Max Distribution Min Max Distribution Min Max Source
Flows
InQCC TruncNormal 0.2 4 TruncNormal 0.14 4 TruncNormal 0.2 4 @
InVPRC TruncNormal 0.2 4 TruncNormal 0.3 4 TruncNormal 0.2 4 @
InDRespC Uniform -11.513 2.303 Uniform -11.513 2.303 Uniform -11.513 2.303 b
Physiological blood flows to tissues
QFatC TruncNormal 0.46 2 TruncNormal 0.46 2 TruncNormal 0.46 2 2
QGutC TruncNormal 0.17 2 TruncNormal 0.17 2 TruncNormal 0.18 2 2
QLivC TruncNormal 0.17 2 TruncNormal 0.17 2 TruncNormal 0.45 2 2
QSiwC TruncNormal 0.29 2 TruncNormal 0.3 2 TruncNormal 0.32 2 @
QKidC TruncNormal 0.32 2 TruncNormal 0.13 2 TruncNormal 0.12 2 @
FracPlasC TruncNormal 0.2 3 TruncNormal 0.2 3 TruncNormal 0.05 3 ©
Physiological volumes
VFatC TruncNormal 0.45 2 TruncNormal 0.45 2 TruncNormal 0.45 2 @
VGutC TruncNormal 0.13 2 TruncNormal 0.13 2 TruncNormal 0.08 2 @
VLivC TruncNormal 0.24 2 TruncNormal 0.18 2 TruncNormal 0.23 2 @
VRapC TruncNormal 0.1 2 TruncNormal 0.12 2 TruncNormal 0.08 2 2
VRespLumC TruncNormal 0.1 2 TruncNormal 0.18 2 TruncNormal 0.2 2 2
VRespEffC TruncNormal 0.1 2 TruncNormal 0.18 2 TruncNormal 0.2 2 2
VKidC TruncNormal 0.1 2 TruncNormal 0.15 2 TruncNormal 0.17 2 2
VBIdC TruncNormal 0.12 2 TruncNormal 0.12 2 TruncNormal 0.12 2 2
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Table A-5. Uncertainty distributions for the population mean of the PBPK model parameters (continued)

Mouse Rat Human
Truncation Truncation Truncation

Scaling (sampled) SD or |(xnxSD) or SD or |(xnxSD) or SD or |(nxSD) or| Notes/
parameter Distribution® Min Max Distribution Min Max Distribution Min Max Source
TCE distribution/partitioning
InPBC TruncNormal 0.25 3 TruncNormal 0.25 3 TruncNormal 0.2 3 d
InPFatC TruncNormal 0.3 3 TruncNormal 0.3 3 TruncNormal 0.2 3
InPGutC TruncNormal 04 3 TruncNormal 04 3 TruncNormal 04 3
InPLivC TruncNormal 04 3 TruncNormal 0.15 3 TruncNormal 04 3
InPRapC TruncNormal 0.4 3 TruncNormal 0.4 3 TruncNormal 0.4 3
InPRespC TruncNormal 0.4 3 TruncNormal 0.4 3 TruncNormal 0.4 3
InPKidC TruncNormal 0.4 3 TruncNormal 0.3 3 TruncNormal 0.2 3
InPSIwC TruncNormal 04 3 TruncNormal 0.3 3 TruncNormal 0.3 3
TCA distribution/partitioning
InPRBCPIlasTCAC | Uniform -4.605 4.605 TruncNormal 0.336 3 Uniform -4.605 4.605 ©
InPBodTCAC TruncNormal 0.336 3 TruncNormal 0.693 3 TruncNormal 0.336 3 f
InPLivTCAC TruncNormal 0.336 3 TruncNormal 0.693 3 TruncNormal 0.336 3
TCA plasma binding
InkDissocC TruncNormal 1.191 3 TruncNormal 0.61 3 TruncNormal 0.06 3 9
InBMaxkDC TruncNormal 0.495 3 TruncNormal 0.47 3 TruncNormal 0.182 3
TCOH and TCOG distribution/partitioning
InPBodTCOHC TruncNormal 0.336 3 TruncNormal 0.693 3 TruncNormal 0.336 3
InPLivTCOHC TruncNormal 0.336 3 TruncNormal 0.693 3 TruncNormal 0.336 3
InPBodTCOGC Uniform -4.605 4.605 Uniform -4.605 4.605 Uniform -4.605 4.605
InPLivTCOGC Uniform -4.605 4.605 Uniform -4.605 4.605 Uniform -4.605 4.605
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Table A-5. Uncertainty distributions for the population mean of the PBPK model parameters (continued)
Mouse Rat Human
Truncation Truncation Truncation
Scaling (sampled) SD or |(£nxSD) or SD or |(£nxSD) or SDor |(tnxSD) or| Notes/
parameter Distribution® Min Max Distribution Min Max Distribution Min Max Source
DCVG distribution/partitioning
InPeffDCVG | Uniform -6.908 | 6.908 | Uniform -6.908 | 6.908 | Uniform 6.908 | 6908 |"
TCE Metabolism
InVyaxC TruncNormal 0.693 3 TruncNormal 0.693 3 TruncNormal 0.693 3 i
InKyC TruncNormal 1.386 3 TruncNormal 1.386 3 i
InCIC TruncNormal | 1.386 3 ‘
InFracOtherC Uniform -6.908 6.908 Uniform -6.908 6.908 Uniform -6.908 6.908 h
InFracTCAC TruncNormal 1.163 3 TruncNormal 1.163 3 TruncNormal 1.163 3 ]
InVyaxDCVGC Uniform -4.605 9.21 Uniform -4.605 9.21 5
InCIDCVGC Uniform -4.605 9.21 Uniform -4.605 9.21 TruncNormal 4.605 3 K
InKyDCVGC TruncNormal | 1.386 3 :
INVyaxKidDCVGC | Uniform -4.605 9.21 Uniform -4.605 9.21 K
InCIKidDCVGC Uniform -4.605 9.21 Uniform -4.605 9.21 TruncNormal 4.605 3 K
InKyKidDCVGC TruncNormal | 1.386 3 :
InVyaxLungLivC TruncNormal 1.099 3 TruncNormal 1.099 3 TruncNormal 1.099 3 !
InKyClara Uniform -6.908 6.908 Uniform -6.908 6.908 Uniform -6.908 6.908 h
InFracLungSysC | Uniform -6.908 6.908 Uniform -6.908 6.908 Uniform -6.908 6.908 n
TCOH metabolism
InVyaxTCOHC Uniform -9.21 9.21 Uniform -9.21 9.21 h
InCITCOHC Uniform -11.513 6.908
InKyTCOH Uniform -9.21 9.21 Uniform -9.21 9.21 Uniform -9.21 9.21
InVyaxGlucC Uniform -9.21 9.21 Uniform -9.21 9.21
InCIGlucC Uniform -9.21 4.605
InKyGluc Uniform -6.908 6.908 Uniform -6.908 6.908 Uniform -6.908 6.908 h
InkMetTCOHC Uniform -11.513 6.908 Uniform -11.513 6.908 Uniform -11.513 6.908
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Table A-5. Uncertainty distributions for the population mean of the PBPK model parameters (continued)

Mouse Rat Human
Truncation Truncation Truncation

Scaling (sampled) SD or |(£nxSD) or SD or |(£nxSD) or SDor |(tnxSD) or| Notes/
parameter Distribution® Min Max Distribution Min Max Distribution Min Max Source
TCA metabolism/clearance
InkUrnTCAC Uniform -4.605 4.605 Uniform -4.605 4.605 Uniform -4.605 4.605 h
InkMetTCAC Uniform -9.21 4.605 Uniform -9.21 4.605 Uniform -9.21 4.605
TCOG metabolism/clearance
InkBileC Uniform -9.21 4.605 Uniform -9.21 4.605 Uniform -9.21 4.605 h
InkEHRC Uniform -9.21 4.605 Uniform -9.21 4.605 Uniform -9.21 4.605
InkUrnTCOGC Uniform -6.908 6.908 Uniform -6.908 6.908 Uniform -6.908 6.908
DCVG metabolism
InFracKidDCVCC | Uniform -6.908 6.908 Uniform -6.908 6.908 Uniform -6.908 6.908 n
InkDCVGC Uniform -9.21 4.605 Uniform -9.21 4.605 Uniform -9.21 4.605
DCVC metabolism/clearance
INkNATC Uniform -9.21 4.605 Uniform -9.21 4.605 Uniform -9.21 4.605 h
InkKidBioactC Uniform -9.21 4.605 Uniform -9.21 4.605 Uniform -9.21 4.605
Oral uptake/transfer coefficients
InkTSD Uniform -4.269 4.942 Uniform -4.269 4.942 Uniform -4.269 4,942 h
InkAS Uniform -6.571 7.244 Uniform -6.571 7.244 Uniform -6.571 7.244
InkTD Uniform -4.605 0 Uniform -4.605 0 Uniform -4.605 0
InkAD Uniform -7.195 6.62 Uniform -7.195 6.62 Uniform -7.195 6.62
InNkASTCA Uniform -7.195 6.62 Uniform -7.195 6.62 Uniform -7.195 6.62 h
InkASTCOH Uniform -7.195 6.62 Uniform -7.195 6.62 Uniform -7.195 6.62

Explanatory note. All population mean parameters have either truncated normal (TruncNormal) or uniform distributions. For those with TruncNormal
distributions, the mean for the population mean is 0 for natural-log transformed parameters (parameter name starting with “In””) and 1 for untransformed
parameters, with the truncation at the specified number () of standard deviations (SD). All uniformly distributed parameters are natural-log transformed, so
their untransformed minimum and maximum are exp(Min) and exp(Max), respectively.
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Table A-5. Uncertainty distributions for the population mean of the PBPK model parameters (continued)

"Uncertainty based on CV or range of values in Brown et al. (1997) (mouse and rat) and a comparison of values from ICRP Publication 89 (2003), Brown et al.
(1997), and Price et al. (2003) (human).

"Noninformative prior distribution intended to span a wide range of possibilities because no independent data are available on these parameters. These priors for
the rat and human were subsequently updated (see Section A.4.2.2).

“Because of potential strain differences, uncertainty in mice and rat assumed to be 20%. In humans, Price et al. (2003) reported variability of about 5%, and this
is also used for the uncertainty in the mean.

dFor partition coefficients, it is not clear whether interstudy variability is due to interindividual or assay variability, so uncertainty in the mean is based on
interstudy variability among in vifro measurements. For single measurements, uncertainty SD of 0.3 was used for fat (mouse) and 0.4 for other tissues was
used. In addition, where measurements were from a surrogate tissue (e.g., gut was based on liver and kidney), an uncertainty SD 0.4 was used.

“Single in vitro data point available in rats, so a geometric standard deviation (GSD) of 1.4 was used. In mice and humans, where no in vitro data was available,
a noninformative prior was used.

'Single in vitro data points available in mice and humans, so a GSD of 1.4 was used. In rats, where the mouse data was used as a surrogate, a GSD of 2.0 was
used, based on the difference between mice and rats in vitro.

£GSD for uncertainty based on different estimates from different in vitro studies.

"Noninformative prior distribution.

'Assume 2-fold uncertainty GSD in Vy,,, based on observed variability and uncertainties of in vitro-to-in vivo scaling. For Ky and CIC, the uncertainty is

~ assumed to be 4-fold, due to the different methods for scaling of concentrations from TCE in the in vitro medium to TCE in blood.

JUncertainty GSD of 3.2-fold reflects difference between in vitro measurements from Lipscomb et al. (1998b) and Bronley-DeLancey et al. (2006).

“In mice and rats, the baseline values are notional lower-limits on Vy, and clearance, however, the lower bound of the prior distribution is set to 100-fold less
because of uncertainty in in vitro-in vivo extrapolation, and because Green et al. (1997) reported values 100-fold smaller than Lash et al. (1995, 1998). In
humans, the uncertainty GSD in clearance is assumed to be 100-fold, due to the difference between Lash et al. (1998) and Green et al. (1997). For Ky, the
uncertainty GSD of 4-fold is based on differences between concentrations in cells and cytosol.

"Uncertainty GSD of 3-fold was assumed due to possible differences in microsomal protein content, the fact that measurements were at a single concentration,
and the fact that the human baseline values was based on the limit of detection.

DCVG = S-dichlorovinyl glutathione, SD = standard deviation.



—_—
N — O 0o N

13
14
15
16

Table A-6. Updated prior distributions for selected parameters in the rat

and human

Initial prior bounds

Updated rat prior

Updated human prior

Scaling parameter exp(min) | exp(max) | exp(u) exp(o) exp(u) exp(o)
InDRespC 1.00E-05 1.00E+01 1.22 5.21 1.84 418
INPBodTCOGC 1.00E-02 1.00E+02 0.42 547 0.81 510
InPLivTCOGC 1.00E-02 1.00E+02 1.01 5.31 2.92 4.31
InFracOtherC 1.00E-03 1.00E+03 0.02 6.82 0.14 4.76
InVyaxDCVGC 1.00E-02 1.00E+04 2.61 42.52

InCIDCVGC 1.00E-02 1.00E+04 0.36 15.03

InVyaxKidDCVGC 1.00E-02 1.00E+04 2.56 22.65

InCIKidDCVGC 1.00E-02 1.00E+04 1.22 15.03

InVyaxLungLivC 3.70E-02 2.70E+01 2.77 6.17 2.80 4.71
InKyClara 1.00E-03 1.00E+03 0.01 6.69 0.02 4.85
InFracLungSysC 1.00E-03 1.00E+03 4.39 11.13 3.10 8.08
InVyaxTCOHC 1.00E-04 1.00E+04 1.65 542

InCITCOHC 1.00E-05 1.00E+03 0.37 4.44
InKyTCOH 1.00E-04 1.00E+04 0.93 5.64 4.81 453
InVyaxGlucC 1.00E-04 1.00E+04 69.41 5.58

InCIGlucC 1.00E-04 1.00E+02 3.39 4.35
InKyGluc 1.00E-03 1.00E+03 30.57 6.11 11.13 457
InkMetTCOHC 1.00E-05 1.00E+03 3.35 5.87 2.39 4.62
InkUrnTCAC 1.00E-02 1.00E+02 0.11 542 0.09 4.22
InkMetTCAC 1.00E-04 1.00E+02 0.61 5.37 0.45 4.26
InkBileC 1.00E-04 1.00E+02 1.01 5.70 3.39 4.44
InkEHRC 1.00E-04 1.00E+02 0.01 6.62 0.22 4.71
InkUrnTCOGC 1.00E-03 1.00E+03 8.58 6.05 16.12 4.81
INKNATC 1.00E-04 1.00E+02 0.00 6.11
InkKidBioactC 1.00E-04 1.00E+02 0.01 6.49

Notes: updated rat prior is based on the mouse posterior; and the updated human priors are based on combining the
mouse and rat posteriors, except in the case of InkNATC and InkKidBioactC, which are unidentified in the mouse
model. Columns labeled exp(min) and exp(max) are the exponentiated prior bounds; columns labeled exp(p) and
exp(o) are the exponentiated mean and standard deviation of the updated prior distributions, which are normal

distributions truncated at the prior bounds.

The scaling model is given explicitly as follows. If 0; are the “scaling” parameters

(usually also natural-log-transformed) that are actually estimated, and A is the “universal”

(species-independent) parameter, then 8; = A + g;, where ¢; is the species-specific “departure”

from the scaling relationship, assumed to be normally distributed with variance o,>. This

“scatter” in the interspecies scaling relationship is assumed to have a standard deviation of
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1.15 =1n(3.16), so that the un-logarithmically transformed 95% confidence interval spans about
100-fold (i.e., exp(2c) = 10). This implies that 95% of the time, the species-specific scaling
parameter is assumed be within 10-fold higher or lower than the “species-independent” value.
However, the prior bounds, which generally span a wider range, are maintained so that if the data
strongly imply an extreme species-specific value, it can be accommodated.

Therefore, the mouse model gives an initial estimate of “A,” which is used to update the
prior distribution for 6, = A + ¢, in the rat (alternatively, since there is only one species at this
stage, one could think of this as estimating the rat parameter using the mouse parameter, but with
a cross-species variance is twice the allometric scatter variance). The rat and mouse together
then give a “better” estimate of A, which is used to update the prior distribution for 6, = A + ¢, in
the human, with the assumed distribution for €;,. This approach is implemented by
approximating the posterior distributions by normal distributions, deriving heuristic “data” for
the specific-specific parameters, and then using these pseudo-data to derive updated prior

distributions for the other species parameters. Specifically, the procedure is as follows:

1. Run the mouse model.

2. Use the mouse posterior to derive the mouse “pseudo-data” D,, (equal to the posterior
mean) and its uncertainty ,,> (equal to the posterior variance).

3. Use the D,, as the prior mean for the rat. The prior variance for the rat is 2682 + sz,
which accounts for two components of species-specific departure from “species-
independence” (one each for mouse and rat), and the mouse posterior uncertainty.

4. Match the rat posterior mean and variance to the values derived from the normal
approximation (posterior mean = {D,,/(20;" + 6,,°) + D,/o,2}/{1/(26:> + 6,.°) + 1/5,%};
posterior variance = {1/(26,> + 6,,°) + 1/5,°} "), and solve for the rat “data” D, and its
uncertainty 6,2.

5. Use, sz, and o,” to derive the updated prior mean and variance for the human model.
For the mean (={D,/(c;> + 6,.°) + D,/(cs° + 6,)}/{1/(c:> + 6,°) + 1/(c> + 6,°)}), it is the
weighted average of the mouse and rat, with each weight including both posterior
uncertainty and departure from “species-independence.” For the variance (={1/(c;> +
on’) + /(o + 6,5} " + 6,2, it is the variance in the weighted average of the mouse and
rat plus an additional component of species-specific departure from “species-
independence.”

Formally, then, the probability of 6; given A can be written as

P(0;| A) = 9(6; - 4, 5. (Eq. A-5)
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where @(x, 6°) is the normal density centered on 0 with variance o°. Let D; be a heuristic

“datum” for species i, so the likelihood given 0; is adequately approximated by
P(D; | 6;) = ¢(D; - 6;, 5;) (Eq. A-6)

Therefore, considering A to have a uniform prior distribution, then running the mouse model

gives a posterior of the form
P(A4, 0, | D) oc P(A) P(0,, | A) P(Dyy | 01) ¢ (0 — A, 6¢%) 9(Dy — Oy Gr’) (Eq. A-7)

From the MCMC posterior, the values of D,, and G, are simply the mean and variance of the

scaled parameter 0,,.
Now, adding the rat data gives

P(4, O, 6, | D, Dy) o P(A) P(B,, | ) P(Dy | 6) P(6, | 4) P(D: | 6,) (Eq. A-8)
o @(On — 4, ng) (D — O, sz) o0, — 4, ng) (D, -6, Grz) (Eq. A-9)

D, and o,” can be derived by marginalizing first over 0,, and then over 4:

[ P(4,0,, 0, | Dy, D,) d6,,, d4

o [J P(4) {] P8, | 4) P(D,y | 6,,) d6,,} P(8,| 4) d4 1P(D; | 6,) (Eq. A-10)
=[] P(4) P(D,, | 4) P(0,| 4) d4] P(D, | 6,) (Eq. A-11)
o [[ P(4 | D,y) P(6, | 4) d4] P(D, | 6,) (Eq. A-12)
=P(8,| D) P(D, | 6,) (Eq. A-13)

So P(0, | D,;) can be identified as the prior for 8, based on the mouse data, and P(D, | 8,) as the
rat-specific likelihood. The updated prior for the rats is then

PO, | Dy) oc | (8, — A, 652) 9D — O, 6,°) 0(0,— A, 6.°) d6,, d4 (Eq. A-14)
= @(Dp -4, 6+ 6, 90, — A4, 6.°) d4 (Eq. A-15)
= @(Dy — 0y, 26;° + G (Eq. A-16)

Therefore, for the “mouse-based” prior, use the mean D,, from the mouse, and then the variance

2 . . . 2
from the mouse 6,,” plus twice the “allometric scatter” variance c;".
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The rat “data” and variance, assuming conditional independence of the rat and mouse “pseudo-

data,” is thus

P(6,| Dy, D,) & P(8, | D)) P(D,| 6,) (Eq. A-17)
o @Dy — 0y, 26:° + 6p°) (D, — 6,, 6,%) (Eq. A-18)

This distribution is also normal with

E(©,) = {Dn/(26: + 6,°) + D,Jo,2} {1/(264* + 6,,°) + 1/6,°} = weighted mean of D, (Eq. A-19)
VAR(0,) = {l/(2c582 +0,0) + 1/0,2}_1 = harmonic mean of variances (Eq. A-20)

Thus, using the mean and variance of the posterior distribution from the MCMC analysis,
D, and crz can be derived.

Now, D,,, csmz, D,, and o,” are known, so the analogous “mouse-+rat” based prior used in
the human model can be derived. As with the rat prior, the human prior is based on a normal
approximation of the posterior for 4, and then incorporates a random term for cross-species

variation (allometric scatter).

P(A, 0,1, 0,, 6 | Dy, Dy, D))

oc P(A) P, | A) P(Dy, | 6,,) P(6, | A) P(D, | 0,) P(0, | A) P(Dy, | 04) (Eq. A-21)

o @(O — 4, 6.°) @Dy — B, 6°) (0, — 4, 5°) ¢(D; - 6, 5,7) (Eq. A-22)
00, — A4, 65°) o(Dy, — 05, 61°)

Consider marginalizing first over 6,,, then over 6,, and then over A:

[ P(4, 0., ,, 04 | Dy, D, D) d6,, d6, d4
oc [[ P(4) {] P(6,| A) P(Dyy | 0,) 40} {[ P(6,| 4) P(D, | 6,) dO,} P(6,] A)dA (Eq. A-23)

P(Dy, | 0p)
=[J P(A) P(D,, | A) P(D,| A) P(6,| A) dA ] P(D; | 05) (Eq. A-24)
o [[ P(4 | D,y D;) P(6) | A) d4] P(D; | 65) (Eq. A-25)
= P(0; | Dy D,) P(Dy | 03) (Eq. A-26)

So P(0, | D,y D,) is the prior for 6, based on the mouse and rat data, and P(Dy, | 0;) as the
human-specific likelihood. The prior is used in the MCMC analysis for the humans, and it is

derived to be
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P(0; | Dy D,) o | (0 — A, 65%) @D — Oy 60) ¢(0, — 4, 62) 9(D, — 6,, 6,°)  (Eq. A-27)
o0, — 4, o.>) d6,, do, d4

= [0(Dy— 4, 65 + 6,") ¢(D, — 4, 65" + 6,)] 9(0) — 4, 5.°) dA4 (Eq. A-28)
o« [ @Dy — A, Gir”) 9(0) — 4, 5.7) dA4 (Eq. A-29)
= (P(Dm+r - eh; Gm+r2 + ng) (Eq A-30)

where D,,+ and Gm+r2 are the weighted mean and variances of 4 under the density
[@(Dy — A4, 65 + 6,,2) 9(D, — 4, 6> + 6,7)] (Eq. A-31)
which is given by

Dyir = E(A| Dy D,) = {Du/(cs” + 6,7) + D/(0> + 6.5/ {1/(o5 + 6,,°) + 1/(o5 + 6,))}
= weighted mean of D,, and D, (Eq. A-32)
Omir- = VAR(A4| D,, D)) = {1/(c:> + 6,°) + /(6> + 6,°)} ! (Eq. A-33)

= harmonic mean of variances

At this point, these values are used in the normal approximation of the combined rodent
posterior, which will be incorporated into the cross-species extrapolation as described in Step 5
above.

The results of these calculations for the updated prior distributions, are shown in
Table A-6. With this methodology for updating the prior distributions, adequate convergence
was achieved for the rat and human after 110,000~140,000 iterations.

A.4.2.3. Population Variance: Prior Central Estimates and Uncertainty

The following multipage Table A-7 describes the uncertainty distributions used for the

population variability in the PBPK model parameters.
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Table A-7. Uncertainty distributions for the population variance of the

PBPK model parameters
Scaling (sampled) Mouse Rat Human Notes/
parameter cVv | cuU cVv cuU cVv CcuU source
Flows
InQCC 0.2 2 0.14 2 0.2 2 a
InVPRC 0.2 2 0.3 2 0.2 2
InDRespC 0.2 0.5 0.2 0.5 0.2 0.5
Physiological blood flows to tissues
QFatC 0.46 0.5 0.46 0.5 0.46 0.5 @
QGutC 0.17 0.5 0.17 0.5 0.18 0.5
QLivC 0.17 0.5 0.17 0.5 0.45 0.5
QSiwC 0.29 0.5 0.3 0.5 0.32 0.5
QKidC 0.32 0.5 0.13 0.5 0.12 0.5
FracPlasC 0.2 0.5 0.2 0.5 0.05 0.5
Physiological volumes
VFatC 0.45 0.5 0.45 0.5 0.45 0.5 a
VGutC 0.13 0.5 0.13 0.5 0.08 0.5
VLivC 0.24 0.5 0.18 0.5 0.23 0.5
VRapC 0.1 0.5 0.12 0.5 0.08 0.5
VRespLumC 0.1 0.5 0.18 0.5 0.2 0.5
VRespEffC 0.11 0.5 0.18 0.5 0.2 0.5
VKidC 0.1 0.5 0.15 0.5 0.17 0.5
VBIdC 0.12 0.5 0.12 0.5 0.12 0.5
TCE distribution/partitioning
InPBC 0.25 2 0.25 0.333 0.185 0.333 |°
InPFatC 0.3 2 0.3 0.333 0.2 1
InPGutC 0.4 2 0.4 2 0.4 2
InPLivC 0.4 2 0.15 0.333 0.4 1.414
InPRapC 0.4 2 0.4 2 04 2
InPRespC 0.4 2 0.4 2 04 2
InPKidC 0.4 2 0.3 0.577 0.2 1.414
InPSIwC 04 2 0.3 0.333 0.3 1.414
TCA distribution/partitioning
INPRBCPlasTCAC 0.336 2 0.336 2 0.336 2 ¢
InPBodTCAC 0.336 2 0.693 2 0.336 2 b
InPLivTCAC 0.336 2 0.693 2 0.336 2
TCA plasma binding
InkDissocC 1.191 2 0.61 2 0.06 2 b
InBMaxkDC 0.495 2 0.47 2 0.182 2
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Table A-7. Uncertainty distributions for the population variance of the
PBPK model parameters (continued)

Scaling (sampled) Mouse Rat Human Notes/
parameter cv | cu cVv | cu cv cu source
TCOH and TCOG distribution/partitioning

INPBodTCOHC 0.336 2 0.693 2 0.336 2 b
InPLivTCOHC 0.336 2 0.693 2 0.336 2 b
InPBodTCOGC 0.4 2 0.4 2 0.4 2 d
InPLivTCOGC 0.4 2 0.4 2 0.4 2 d
DCVG distribution/partitioning

InPeffDCVG 0.4 2 0.4 2 0.4 2 b
TCE metabolism

InVyaxC 0.824 0.806 1 0.708 0.26 ©
InK,,C 0.270 1 1.200 1

InCIC 0.944 1.41
InFracOtherC 0.5 2 0.5 2 0.5 2 f
InFracTCAC 0.5 2 0.5 2 1.8 2 g
INVyaxDCVGC 0.5 2 0.5 2 f
InCIDCVGC 0.5 2 0.5 2 0.5 2
InK,DCVGC 0.5 2
InVyaxKidDCVGC 0.5 2 0.5 2

InCIKidDCVGC 0.5 2 0.5 2 0.5 2
InKyKidDCVGC 0.5 2
InVyaxLungLivC 0.5 2 0.5 2 0.5 2
InKyClara 0.5 2 0.5 2 0.5 2
InFracLungSysC 0.5 2 0.5 2 0.5 2

TCOH metabolism

InVyaxTCOHC 0.5 2 0.5 2 f
InCITCOHC 0.5 2
InKyTCOH 0.5 2 0.5 2 0.5 2
InVyaxGlucC 0.5 2 0.5 2

InCIGlucC 0.5 2
InKyGluc 0.5 2 0.5 2 0.5 2
InkMetTCOHC 0.5 2 0.5 2 0.5 2

TCA metabolism/clearance

InkUrnTCAC 0.5 2 0.5 2 0.5 2 f
InkMetTCAC 0.5 2 0.5 2 0.5 2
TCOG metabolism/clearance

InkBileC 0.5 2 0.5 2 0.5 2 f
InkEHRC 0.5 2 0.5 2 0.5 2
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Table A-7. Uncertainty distributions for the population variance of the
PBPK model parameters (continued)

Scaling (sampled) Mouse Rat Human Notes/
parameter cv cu cVv cu cVv cu source
InkUrnTCOGC 0.5 2 0.5 2 0.5 2 f

DCVG metabolism/clearance

InFracKidDCVCC 0.5 2 0.5 2 0.5 2 f
InkDCVGC 0.5 2 0.5 2 0.5 2

DCVC metabolism/clearance

INkNATC 0.5 2 0.5 2 0.5 2 f
InkKidBioactC 0.5 2 0.5 2 0.5 2

Oral uptake/transfer coefficients

InkTSD 2 2 2 2 2 2 "

InkAS 2 2 2 2 2 2

InkTD 2 2 2 2 2 2

InkAD 2 2 2 2 2 2

InNkKASTCA 2 2 2 2 2 2

InNkKASTCOH 2 2 2 2 2 2

Explanatory note. All population variance parameters (V_pname, for parameter “pname”) have Inverse-Gamma
distributions, with the expected value given by CV and coefficient of uncertainty given by CU (i.e., standard
deviation of V_pname divided by expected value of V_pname) (notation the same as Hack et al. [2006]). Under
these conditions, the Inverse-Gamma distribution has a shape parameter is given by a. =2 + 1/CU? and scale
parameter p = (o. — 1) CV2. In addition, it should be noted that, under a normal distribution and a uniform prior
distribution on the population variance, the posterior distribution for the variance given n data points with a sample
variance s” is given by and Inverse-Gamma distribution with o. = (n — 1)/2 and B = . s°. Therefore, the “effective”
number of data points is given by n = 5 + 2/CU? and the “effective” sample variance is s* = CV” o/(a. — 1).

*For physiological parameters, CV values generally taken to be equal to the uncertainty SD in the population mean,
most of which were based on variability between studies (i.e., not clear whether variability represents uncertainty
or variability). Given this uncertainty, CU of 2 assigned to cardiac output and ventilation-perfusion, while CU of
0.5 assigned to the remaining physiological parameters.

"As discussed above, it is not clear whether interstudy variability is due to interindividual or assay variability, so the
same central were assigned to the uncertainty in the population mean as to the central estimate of the population
variance. In the cases were direct measurements were available, the CU for the uncertainty in the population
variance is based on the actual sample », with the derivation discussed in the notes preceding this table.
Otherwise, a CU of 2 was assigned, reflecting high uncertainty.

‘Used value from uncertainty in population in mean in rats for all species with high uncertainty.

No data, so assumed CV of 0.4 with high uncertainty.

‘For mice and rats, based on variability in results from Lipscomb et al. (1998a) and Elfarra et al. (1998) in
microsomes. Since only pooled or mean values are available, CU of 1 was assigned (moderate uncertainty). For
humans, based on variability in individual samples from Lipscomb et al. (1997) (microsomes), Elfarra et al.
(1998) (microsomes) and Lipscomb et al. (1998a) (freshly isolated hepatocytes). High uncertainty in clearance
(InCIC) reflects two different methods for scaling concentrations in microsomal preparations to blood
concentrations: (1) assuming microsomal concentration equals liver concentration and then using the measured
liver:blood partition coefficient to convert to blood and (2) using the measured microsome:air partition coefficient
and then using the measured blood:air partition coefficient to convert to blood.

No data on variability, so a CV of 0.5 was assigned, with a CU of 2.
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Table A-7. Uncertainty distributions for the population variance of the
PBPK model parameters (continued)

fFor mice and rats, no data on variability, so a CV of 0.5 was assigned, with a CU of 2. For humans, 6-fold
variability based on in vitro data from Bronley-DeLancy et al. (2006), but with high uncertainty.

"No data on variability, so a CV of 2 was assigned (larger than assumed for metabolism due to possible vehicle
effects), with a CU of 2.

A.4.2.4. Prior distributions for Residual Error Estimates

In all cases except one, the likelihood was assumed to be lognormal, which requires
specification of the variance of the “residual error.” This error may include variability due to
measurement error, intraindividual and intrastudy heterogeneity, as well as model
misspecification. The available in vivo measurements to which the model was calibrated are
listed in Table A-8. The variances for each of the corresponding residual errors were given log-
uniform distributions. For all measurements, the bounds on the log-uniform distribution was
0.01 and 3.3, corresponding to geometric standard deviations bounded by 1.11 and 6.15. The
lower bound was set to prevent “over-fitting,” as was done in Bois (2000a) and Hack et al.
(2006).

Nondetects of DCVG from Lash et al. (1999b) were also included in the data, at it was
found that these data were needed to place constraints on the clearance rate of DCVG from
blood. The detection limit reported in the study was LD = 0.05 pmol/mL= 5 x 10 mmol/L. It
was assumed, as is standard in analytical chemistry, that the detection limit represents a response
from a blank sample at 3-standard deviations. Because detector responses near the detection
limit are generally normally distributed, the likelihood for observing a nondetect given a model-
predicted value of y, is equal to P(ND|y,) = ®(3 x {1 —y,/LD}), where ®(y) is the cumulative
standard normal distribution.

The rat and human models differed from mouse model in terms of the hierarchical
structure of the residual errors. In the mouse model, all the studies were assumed to have the
same residual error, as shown in Figure A-1. This appeared reasonable because there were fewer
studies, and there appeared to be less variation between studies. In the rat and human models,
each of which used a much larger database of in vivo studies, residual errors were assumed to be
the same within a study, but may differ between studies. The updated hierarchical structures are
shown in Figure A-6. Initial attempts to use a single set of residual errors led to large residual
errors for some measurements, even though fits to many studies appeared reasonable. Residual
errors were generally reduced when study-specific errors were used, except for some datasets

that appeared to be outliers (discussed below).
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Table A-8. Measurements used for calibration

Measurement

abbreviation Mouse| Rat |Human Measurement description

RetDose \ Retained TCE dose (mg)

CAIVPPM \ TCE concentration in alveolar air (ppm)

CInhPPM \ \ TCE concentration in closed chamber (ppm)

CArt V TCE concentration in arterial blood (mg/L)

CVen \ V V| TCE concentration in venous blood (mg/L)

CBIdMix \ \ TCE concentration in mixed arterial and venous blood
(mgl/L)

CFat \ \ TCE concentration in fat (mg/L)

CGut \ TCE concentration in gut (mg/L)

CKid S \ TCE concentration in kidney (mg/L)

CLiv \ V TCE concentration in liver (mg/L)

CMus \ TCE concentration in muscle (mg/L)

AExhpost \ \ Amount of TCE exhaled postexposure (mg)

CTCOH \ \ V| Free TCOH concentration in blood (mg/L)

CLivTCOH \ Free TCOH concentration in liver (mg/L)

CPlasTCA \ \ V| TCA concentration in plasma (mg/L)

CBIdTCA \ \ V| TCA concentration in blood (mg/L)

CLivTCA \ \ TCA concentration in liver (mg/L)

AUrnTCA \ \ V| Cumulative amount of TCA excreted in urine (mg)

AUrnTCA_collect \ Cumulative amount of TCA collected in urine
(noncontinuous sampling) (mg)

ABileTCOG V Cumulative amount of bound TCOH excreted in bile (mg)

CTCOG V Bound TCOH concentration in blood (mg/L)

CTCOGTCOH \ Bound TCOH concentration in blood in free TCOH
equivalents (mg/L)

CLivTCOGTCOH \ Bound TCOH concentration in liver in free TCOH
equivalents (mg/L)

AUTCOGTCOH S \ V| Cumulative amount of total TCOH excreted in urine (mg)

AUTCOGTCOH_ \ Cumulative amount of total TCOH collected in urine

collect (noncontinuous sampling) (mg)

CDCVGmol \ DCVG concentration in blood (mmol/L)

CDCVG_ND \ DCVG nondetects from Lash et al. (1999b)

AUrnNDCVC \ \ Cumulative amount of NAcDCVC excreted in urine (mg)

AUrnTCTotMole \ Cumulative amount of TCA+total TCOH excreted in urine
(mmol)

TotCTCOH \ \ V| Total TCOH concentration in blood (mg/L)
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Figure A-6. Updated hierarchical structure for rat and human models.
Symbols have the same meaning as Figure A-1, with modifications for the rat and
human. In particular, in the rat, each “group” consists of animals (usually
comprising multiple dose groups) of the same sex, species, and strain within a
study (possibly reported in more than one publication, but reasonably presumed to
be of animals in the same “lot”). Animals within each group are presumed to be
“identical,” with the same PBPK model parameters, and each such group is
assigned its own set of “residual” error variances 6°. In humans, each
“individual” is a single person, possibly exposed in multiple experiments, and
each individual is assigned a set of PBPK model parameters drawn from the
population. However, in humans, “residual” error variances are assigned at the
“study” level, rather than the individual or the population level.
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A.5. RESULTS OF UPDATED PHYSIOLOGICALLY BASED PHARMACOKINETIC
(PBPK) MODEL

The evaluation of the updated PBPK model was discussed in Chapter 3. Detailed results

in the form of tables and figures are provided in this section.

A.5.1. Convergence and Posterior Distributions of Sampled Parameters

For each sampled parameter (population mean and variance and the variance for residual
errors), summary statistics (median, [2.5%, 97.5%] confidence interval) for the posterior
distribution are tabulated in Tables A-9—A-14 below. In addition, the potential scale reduction
factor R, calculated from comparing four independent chains, is given.

In addition, posterior distributions for the group- or individual-specific parameters are

summarized in supplementary figures accessible here:

e Mouse: Appendix.linked.files\AppA.5.1.Mouse.posteriors.by.eroup.pdf

e Rat: Appendix.linked.files\AppA.5.1.Rat.posteriors.by.group.pdf

e Human: Appendix.linked.files\AppA.5.1.Human.posteriors.by.group.or.individual.pdf.

A.5.2. Comparison of Model Predictions With Data
A.5.2.1. Mouse Model

A.5.2.1.1. Group-specific predictions and calibration data. [See
Appendix.linked.files\AppA.5.2.1.1.Updated.mouse.group.calib. TCE.DRAFT.pdf.]

A.5.2.1.2. Population-based predictions and calibration data. [See
Appendix.linked.files\AppA.5.2.1.2.Updated.mouse.pop.calib. TCE.DRAFT.pdf.]

A.5.2.2. Rat Model

A.5.2.2.1. Group-specific predictions and calibration data. [See
Appendix.linked.files\AppA.5.2.2.1.Updated.rat.group.calib. TCE.DRAFT.pdf.]

A.5.2.2.2. Population-based predictions and calibration data. [See
Appendix.linked.files\AppA.5.2.2.2 . Updated.rat.pop.calib. TCE.DRAFT.pdf.]

A.5.2.2.3. Population-based predictions and additional evaluation data. [See
Appendix.linked.files\AppA.5.2.2.3.Updated.rat.pop.eval. TCE.DRAFT.pdf.]
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Table A-9. Posterior distributions for mouse PBPK model population

parameters

Posterior distributions reflecting uncertainty in population distribution

Population (geometric) standard

Population (geometric) mean deviation
Sampled parameter*® Median (2.5%, 97.5%) R Median (2.5%, 97.5%) R
InQCC 1.237 (0.8972, 1.602) 1 1.402 (1.183, 2.283) 1
InVPRC 0.8076 (0.6434, 1.022) 1 1.224 (1.108, 1.63) 1.001
QFatC 1.034 (0.5235, 1.55) 1 0.436 (0.3057, 0.6935) 1
QGutC 1.183 (1.002, 1.322) 1 0.1548 (0.1101, 0.2421) 1
QLivC 1.035 (0.8002, 1.256) 1 0.1593 (0.1107, 0.2581) 1
QSIiwC 0.9828 (0.6043, 1.378) 1 0.275 (0.1915, 0.4425) 1
InDRespC 1.214 (0.7167, 2.149) 1.002 1.215(1.143, 1.375) 1
QKidC 0.995 (0.5642, 1.425) 1 0.3001 (0.21, 0.48) 1
FracPlasC 0.8707 (0.5979, 1.152) 1.001 0.1903 (0.1327, 0.3039) 1
VFatC 1.329 (0.8537, 1.784) 1.002 0.4123 (0.2928, 0.6414) 1
VGutC 0.9871 (0.817, 1.162) 1 0.1219 (0.085, 0.1965) 1
VLivC 0.8035 (0.5609, 1.093) 1.013 0.2216 (0.1552, 0.3488) 1
VRapC 0.997 (0.8627, 1.131) 1 0.09384 (0.06519, 0.1512) | 1
VRespLumC 0.9995 (0.8536, 1.145) 1 0.1027 (0.07172,0.1639) | 1
VRespEffC 1 (0.8537, 1.148) 1.001 0.1032 (0.07176, 0.1652) | 1
VKidC 1.001 (0.8676, 1.134) 1 0.09365 (0.06523, 0.1494) | 1
VBIdC 0.9916 (0.8341, 1.153) 1.001 0.1126 (0.07835, 0.1817) | 1
InPBC 0.9259 (0.647, 1.369) 1 1.644 (1.278, 3.682) 1
InPFatC 0.9828 (0.7039, 1.431) 1.001 1.321 (1.16, 2.002) 1.001
InPGutC 0.805 (0.4735, 1.418) 1 1.375 (1.198, 2.062) 1
InPLivC 1.297 (0.7687, 2.039) 1 1.415 (1.21, 2.342) 1
InPRapC 0.9529 (0.5336, 1.721) 1 1.378 (1.203, 2.141) 1
InPRespC 0.9918 (0.5566, 1.773) 1.001 1.378 (1.2, 2.066) 1
InPKidC 1.277 (0.7274, 2.089) 1 1.554 (1.265, 2.872) 1
InPSIwC 0.92 (0.5585, 1.586) 1.001 1.411 (1.209, 2.3) 1.001
InNPRBCPIlasTCAC 2.495 (1.144, 5.138) 1.001 1.398 (1.178, 2.623) 1.001
InPBodTCAC 0.8816 (0.6219, 1.29) 1.003 1.27 (1.158, 1.609) 1
InPLivTCAC 0.8003 (0.5696, 1.15) 1.003 1.278 (1.157, 1.641) 1.001
InkDissocC 1.214 (0.2527, 4.896) 1.003 2.71 (1.765, 8.973) 1
InBMaxkDC 1.25(0.6793, 2.162) 1.002 1.474 (1.253, 2.383) 1
InPBodTCOHC 0.8025 (0.5607, 1.174) 1 1.314 (1.17, 1.85) 1.001
InPLivTCOHC 1.526 (0.9099, 2.245) 1 1.399 (1.194, 2.352) 1
INPBodTCOGC 0.4241 (0.1555, 1.053) 1.004 1.398 (1.207, 2.156) 1
InPLivTCOGC 1.013 (0.492, 2.025) 1.002 1.554 (1.279, 2.526) 1
InPeffDCVG 0.9807 (0.008098, 149.6) 1.041 1.406 (1.206, 2.379) 1
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Table A-9. Posterior distributions for mouse PBPK model population
parameters (continued)

Posterior distributions reflecting uncertainty in population distribution

Population (geometric) mean

Population (geometric) standard

deviation

Sampled parameter*® Median (2.5%, 97.5%) R Median (2.5%, 97.5%) R
InkTSD 5.187 (0.3909, 69.34) 1.001 5.858 (2.614, 80) 1
InkAS 1.711 (0.3729, 11.23) 1.001 4.203 (2.379, 18.15) 1
InkTD 0.1002 (0.01304, 0.7688) 1 5.16 (2.478, 60.24) 1
InkAD 0.2665 (0.05143, 1.483) 1.003 4.282 (2.378, 20.21) 1
INkKASTCA 3.986 (0.1048, 141.9) 1 5.187 (2.516, 58.72) 1
InkASTCOH 0.7308 (0.006338, 89.75) 1.001 5.047 (2.496, 54.8) 1
InVyaxC 0.6693 (0.4093, 1.106) 1.005 1.793 (1.49, 2.675) 1
InKyC 0.07148 (0.0323, 0.1882) 1 2.203 (1.535, 4.536) 1.001
InFracOtherC 0.02384 (0.003244, 0.1611) | 1.006 1.532 (1.265, 2.971) 1
InFracTCAC 0.4875 (0.2764, 0.8444) 1.002 1.474 (1.258, 2.111) 1
InVyaxDCVGC 1.517 (0.02376, 1,421) 1.001 1.53 (1.263, 2.795) 1
InCIDCVGC 0.1794 (0.02333, 79.69) 1.013 1.528 (1.261, 2.922) 1
InVyaxKidDCVGC 1.424 (0.04313, 704.9) 1.014 1.533 (1.262, 2.854) 1
InCIKidDCVGC 0.827 (0.04059, 167.2) 1.019 1.527 (1.263, 2.874) 1
InVyaxLungLivC 2.903 (0.487,12.1) 1.001 4.157 (1.778, 29.01) 1.018
InKyClara 0.01123 (0.001983, 0.09537) | 1.012 1.629 (1.278, 5.955) 1.003
InFracLungSysC 3.304 (0.2619, 182.1) 1.011 1.543 (1.266, 3.102) 1.001
InVyaxTCOHC 1.645 (0.6986, 3.915) 1.005 1.603 (1.28, 2.918) 1
InKyTCOH 0.9594 (0.2867, 2.778) 1.007 1.521 (1.264, 2.626) 1
INVyaxGlucC 65.59 (27.58, 232.5) 1.018 1.487 (1.254, 2.335) 1
InKyGluc 31.16 (6.122, 137.3) 1.015 1.781 (1.299, 5.667) 1.002
InkMetTCOHC 3.629 (0.7248, 9.535) 1.009 1.527 (1.265, 2.626) 1
InkUrnTCAC 0.1126 (0.04083, 0.2423) 1.012 1.757 (1.318, 3.281) 1.003
InkMetTCAC 0.6175 (0.2702, 1.305) 1.027 1.508 (1.262, 2.352) 1.002
InkBileC 0.9954 (0.316, 3.952) 1.003 1.502 (1.26, 2.453) 1
InkEHRC 0.01553 (0.001001, 0.0432) | 1.008 1.534 (1.264, 2.767) 1
InkUrnTCOGC 7.874 (2.408, 50.28) 1 3.156 (1.783, 12.18) 1.001
InFracKidDCVCC 1.931 (0.01084, 113.7) 1.018 1.53 (1.264, 2.77) 1
InkDCVGC 0.2266 (0.001104, 16.46) 1.011 1.525 (1.263, 2.855) 1
INkKNATC 0.1175 (0.0008506, 14.34) 1.024 1.528 (1.264, 2.851) 1
InkKidBioactC 0.07506 (0.0009418, 12.35) | 1.035 1.527 (1.263, 2.84) 1.001

*These “sampled parameters” are scaled one or more times (see Table A-4) to obtain a biologically-meaningful

parameter, posterior distributions of which are summarized in Tables 3-36 through 3-40). For natural log

transformed parameters (name starting with “In”), values are for the population geometric means and standard

deviations.

This document is a draft for review purposes only and does not constitute Agency policy.

10/20/09

A-65

DRAFT—DO NOT CITE OR QUOTE




N —

Table A-10. Posterior distributions for mouse residual errors

Residual error geometric standard deviation

Measurement Median (2.5%, 97.5%) R
CInhPPM 1.177 (1.16, 1.198) 1.001
CVen 2.678 (2.354, 3.146) 1.001
CBIdMix 1.606 (1.415, 1.96) 1.001
CFat 2.486 (2.08, 3.195) 1

CKid 2.23 (1.908, 2.796) 1

CLiv 1.712 (1.543, 1.993) 1
AExhpost 1.234 (1.159, 1.359) 1
CTCOH 1.543 (1.424, 1.725) 1
CLivTCOH 1.591 (1.454, 1.818) 1
CPlasTCA 1.396 (1.338, 1.467) 1.001
CBIdTCA 1.488 (1.423, 1.572) 1.001
CLivTCA 1.337 (1.271, 1.43) 1
AUrnTCA 1.338 (1.259, 1.467) 1
CTCOGTCOH 1.493 (1.38, 1.674) 1.001
CLivTCOGTCOH 1.63 (1.457, 1.924) 1
AUnTCOGTCOH 1.263 (1.203, 1.355) 1
TotCTCOH 1.846 (1.506, 2.509) 1.002

Note: the hierarchical statistical model for residual errors did not separate by group.
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Table A-11. Posterior distributions for rat PBPK model population

parameters

Posterior distributions reflecting uncertainty in population distribution

Population (geometric) standard

Population (geometric) mean deviation
Sampled parameter Median (2.5%, 97.5%) R Median (2.5%, 97.5%) R
InQCC 1.195 (0.9285, 1.448) 1.034 1.298 (1.123, 2.041) 1.031
InVPRC 0.6304 (0.4788, 0.8607) 1.012 1.446 (1.247, 2.011) 1.005
QFatC 1.167 (0.8321, 1.561) 1 0.4119 (0.2934, 0.6438) | 1
QGutC 1.154 (0.988, 1.306) 1 0.1613 (0.1132, 0.2542) | 1
QLivC 1.029 (0.8322, 1.223) 1.002 0.1551 (0.1092, 0.2483) | 1
QSIiwC 0.9086 (0.5738, 1.251) 1.001 0.2817 (0.1968, 0.4493) |1
InDRespC 2.765 (1.391, 5.262) 1.018 1.21 (1.142, 1.358) 1.001
QKidC 1.002 (0.8519, 1.152) 1.001 0.1185 (0.08284, 0.1871) | 1
FracPlasC 1.037 (0.8071, 1.259) 1.002 0.1785 (0.1272, 0.2723) | 1
VFatC 0.9728 (0.593, 1.378) 1 0.4139 (0.2924, 0.6552) | 1.002
VGutC 0.9826 (0.8321, 1.137) 1 0.1187 (0.08296, 0.1873) | 1
VLivC 0.9608 (0.7493, 1.19) 1.015 0.1682 (0.1168, 0.2718) | 1.001
VRapC 0.9929 (0.8563, 1.133) 1.001 0.1093 (0.07693, 0.175) |1
VRespLumC 1.001 (0.7924, 1.21) 1 0.1636 (0.116, 0.2601) | 1
VRespEffC 0.999 (0.7921, 1.208) 1.001 0.1635 (0.1161, 0.2598) | 1
VKidC 0.999 (0.8263, 1.169) 1 0.1361 (0.09617, 0.2167) | 1
VBIdC 1.002 (0.8617, 1.141) 1 0.1096 (0.07755, 0.176) | 1
InPBC 0.8551 (0.6854, 1.065) 1.001 1.317 (1.232, 1.462) 1.001
InPFatC 1.17 (0.8705, 1.595) 1.003 1.333 (1.247, 1.481) 1.001
InPGutC 0.8197 (0.5649, 1.227) 1 1.362 (1.198, 1.895) 1
InPLivC 1.046 (0.8886, 1.234) 1.001 1.152 (1.115, 1.214) 1
InPRapC 1.021 (0.6239, 1.675) 1.002 1.373 (1.201, 1.988) 1
InPRespC 0.993 (0.5964, 1.645) 1.001 1.356 (1.197, 1.948) 1
InPKidC 0.9209 (0.6728, 1.281) 1 1.304 (1.201, 1.536) 1
InPSIwC 1.258 (0.9228, 1.711) 1.001 1.364 (1.263, 1.544) 1
INPRBCPlasTCAC 0.9763 (0.6761, 1.353) 1 1.276 (1.159, 1.634) 1
InPBodTCAC 1.136 (0.6737, 1.953) 1.008 1.631 (1.364, 2.351) 1.003
InPLivTCAC 1.283 (0.6425, 2.491) 1.008 1.651 (1.356, 2.658) 1
InkDissocC 1.01 (0.5052, 2.017) 1.002 1.596 (1.315, 2.774) 1
InBMaxkDC 0.9654 (0.5716, 1.733) 1.02 1.412 (1.234, 2.01) 1
InPBodTCOHC 0.9454 (0.4533, 1.884) 1.045 1.734 (1.39, 3.151) 1.002
InPLivTCOHC 0.926 (0.3916, 2.196) 1.013 1.785 (1.382, 4.142) 1.003
INPBodTCOGC 1.968 (0.09185, 14.44) 1.031 1.414 (1.208, 2.571) 1
InPLivTCOGC 7.484 (2.389, 26.92) 1.017 1.41 (1.208, 2.108) 1
InkTSD 3.747 (0.2263, 62.58) 1.01 6.777 (2.844, 87.29) 1
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Table A-11. Posterior distributions for rat PBPK model population
parameters (continued)

Posterior distributions reflecting uncertainty in population distribution
Population (geometric) standard
Population (geometric) mean deviation

Sampled parameter Median (2.5%, 97.5%) R Median (2.5%, 97.5%) R
InkAS 2.474 (0.2542, 28.35) 1.004 10.16 (4.085, 143.7) 1
InkAD 0.1731 (0.04001, 0.7841) 1.018 4.069 (2.373, 14.19) 1.009
INKASTCA 1.513 (0.1401, 17.19) 1.002 4.376 (2.43, 22.83) 1
InNkKASTCOH 0.6896 (0.01534, 25.81) 1.001 4.734 (2.444, 35.2) 1.001
InVyaxC 0.8948 (0.6377, 1.293) 1.028 1.646 (1.424, 2.146) 1.021
InKy,C 0.0239 (0.01602, 0.04993) 1.001 2.402 (1.812, 4.056) 1.001
InFracOtherC 0.344 (0.0206, 1.228) 1.442 3(1.332, 10.04) 1.353
InFracTCAC 0.2348 (0.122, 0.4616) 1.028 1.517 (1.264, 2.393) 1.001
InVyaxDCVGC 7.749 (0.2332, 458.8) 1.088 1.534 (1.262, 2.804) 1.001
InCIDCVGC 0.3556 (0.06631, 2.242) 1.018 1.509 (1.261, 2.553) 1
InVyaxKidDCVGC 0.2089 (0.04229, 1.14) 1.011 1.542 (1.263, 2.923) 1.001
InCIKidDCVGC 184 (26.29, 1312) 1.02 1.527 (1.265, 2.873) 1.001
InVyaxLungLivC 2.673 (0.4019, 14.16) 1.002 4.833 (1.599, 48.32) 1.002
InKyClara 0.02563 (0.005231, 0.197) 1.01 1.66 (1.279, 18.74) 1.002
InFracLungSysC 2.729 (0.04124, 63.27) 1.027 1.536 (1.267, 2.868) 1.001
INVyaxTCOHC 1.832 (0.6673, 6.885) 1.041 1.667 (1.292, 3.148) 1.002
InKyTCOH 22.09 (3.075, 131.9) 1.186 1.629 (1.276, 3.773) 1.017
InVyaxGlucC 28.72 (10.02, 86.33) 1.225 2.331 (1.364, 5.891) 1.126
InKyGluc 6.579 (1.378, 23.57) 1.119 2.046 (1.309, 10.3) 1.125
InkMetTCOHC 2.354 (0.3445, 15.83) 1.287 1.876 (1.283, 11.82) 1.182
InkUrnTCAC 0.07112 (0.03934, 0.1329) 1.076 1.513 (1.27, 2.327) 1.003
InkMetTCAC 0.3554 (0.1195, 0.8715) 1.036 1.528 (1.263, 2.444) 1.001
InkBileC 8.7 (1.939, 26.71) 1.05 1.65 (1.282, 5.494) 1.017
InkEHRC 1.396 (0.2711, 6.624) 1.091 1.647 (1.277, 5.582) 1.005
InkUrnTCOGC 20.65 (2.437, 138) 1.041 1.595 (1.269, 5.257) 1.026
INkNATC 0.002035 (0.0004799, 0.01019) | 1.01 1.523 (1.261, 2.593) 1.001
InkKidBioactC 0.006618 (0.0009409, 0.0367) | 1.039 1.52 (1.261, 2.674) 1
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Table A-12. Posterior distributions for rat residual errors

Residual error geometric standard deviation
Measurement GI"OUp Median (2_5%), 97_5%) R
CinhPPM Group 3 1.124 (1.108, 1.147) 1
Group 16 1.106 (1.105, 1.111) 1
CMixExh Group 2 1.501 (1.398, 1.65) 1
CArt Group 2 1.174 (1.142, 1.222) 1
Group 6 1.523 (1.321, 1.918) 1.002
CVen Group 4 1.22 (1.111, 1.877) 1
Group 7 1.668 (1.489, 1.986) 1.001
Group 8 1.45 (1.234, 2.065) 1.014
Group 9 1.571 (1.426, 1.811) 1
Group 10 4.459 (2.754, 6.009) 1
Group 11 1.587 (1.347, 2.296) 1.002
Group 16 1.874 (1.466, 2.964) 1.011
Group 18 1.676 (1.188, 3.486) 1.003
CBIdMix Group 12 1.498 (1.268, 2.189) 1
CFat Group 9 1.846 (1.635, 2.184) 1
Group 16 2.658 (1.861, 4.728) 1.001
CGut Group 9 1.855 (1.622, 2.243) 1
CKid Group 9 1.469 (1.354, 1.648) 1
CLiv Group 9 1.783 (1.554, 2.157) 1
Group 12 1.744 (1.401, 2.892) 1
Group 16 1.665 (1.376, 2.411) 1.001
CMus Group 9 1.653 (1.494, 1.919) 1
AExhpost Group 6 1.142 (1.108, 1.239) 1.003
Group 10 1.117 (1.106, 1.184) 1.004
Group 14 1.166 (1.107, 1.475) 1
Group 15 1.125 (1.106, 1.237) 1
CTCOH Group 6 1.635 (1.455, 1.983) 1.002
Group 10 1.259 (1.122, 1.868) 1.009
Group 11 1.497 (1.299, 1.923) 1.01
Group 13 1.611 (1.216, 3.556) 1.001
Group 17 1.45 (1.213, 2.208) 1.004
Group 18 1.142 (1.107, 1.268) 1
CPlasTCA Group 4 1.134 (1.106, 1.254) 1
Group 5 1.141 (1.107, 1.291) 1
Group 11 1.213 (1.136, 1.381) 1
Group 19 1.201 (1.145, 1.305) 1
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Table A-12. Posterior distributions for rat residual errors (continued)

Residual error geometric standard deviation
Measurement GI"OUp Median (2_5%), 97_5%) R
CBIdTCA Group 4 1.134 (1.106, 1.258) 1
Group 5 1.14 (1.107, 1.289) 1
Group 6 1.59 (1.431, 1.878) 1.001
Group 11 1.429 (1.292, 1.701) 1.001
Group 17 1.432 (1.282, 1.675) 1.03
Group 18 1.193 (1.12, 1.358) 1.004
Group 19 1.214 (1.153, 1.327) 1
CLivTCA Group 19 1.666 (1.443, 2.104) 1
AUrnTCA Group 1 1.498 (1.125, 2.18) 1.135
Group 6 1.95 (1.124, 5.264) 1.003
Group 8 1.221 (1.146, 1.375) 1.003
Group 10 1.18 (1.108, 1.444) 1.007
Group 17 1.753 (1.163, 4.337) 1.001
Group 19 1.333 (1.201, 1.707) 1
ABileTCOG Group 6 2.129 (1.128, 5.363) 1.003
CTCOG Group 17 2.758 (1.664, 5.734) 1.028
AUrnTCOGTCOH Group 1 1.129 (1.106, 1.232) 1.004
Group 6 1.483 (1.113, 4.791) 1.002
Group 8 1.115 (1.106, 1.162) 1
Group 10 1.145 (1.107, 1.305) 1
Group 17 2.27 (1.53, 4.956) 1.009
AUrnNDCVC Group 1 1.168 (1.11, 1.33) 1.002
AUrnTCTotMole Group 6 1.538 (1.182, 3.868) 1.002
Group 7 1.117 (1.106, 1.153) 1.001
Group 14 1.121 (1.106, 1.207) 1
Group 15 1.162 (1.108, 1.358) 1
TotCTCOH Group 17 1.488 (1.172, 2.366) 1.015

The nineteen groups are (1) Bernauer et al., 1996; (2) Dallas et al., 1991; (3) Fisher et al., 1989
females; (4) Fisher et al., 1991 females; (5) Fisher et al., 1991 males; (6) Green and Prout, 1985,
Prout et al., 1985, male OA rats; (7) Hissink et al., 2002; (8) Kaneko et al., 1994; (9) Keys et al.,
2003; (10) Kimmerle and Eben, 1973a; (11) Larson and Bull, 1992a, b; (12) Lee et al., 2000; (13)

Merdink et al., 1999; (14) Prout et al., 1985 AP rats; (15) Prout et al., 1985 OM rats; (16)

Simmons et al., 2002; (17) Stenner et al., 1997; (18) Templin et al., 1995; (19) Yu et al., 2000.
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Table A-13. Posterior distributions for human PBPK model population

parameters

Posterior distributions reflecting uncertainty in population distribution

Population (geometric) standard

Population (geometric) mean deviation

Sampled parameter Median (2.5%, 97.5%) R Median (2.5%, 97.5%) R
InQCC 0.837 (0.6761, 1.022) 1.038 1.457 (1.271, 1.996) 1.036
InVPRC 1.519 (1.261, 1.884) 1.007 1.497 (1.317, 1.851) 1.008
QFatC 0.7781 (0.405, 1.143) 1.014 0.6272 (0.4431,0.9773) |1
QGutC 0.7917 (0.6631, 0.925) 1.017 0.1693 (0.1199, 0.2559) | 1.019
QLivC 0.5099 (0.1737, 0.8386) 1.031 0.4167 (0.2943, 0.6324) | 1.009
QSIiwC 0.7261 (0.4864, 0.9234) 1.011 0.3166 (0.2254, 0.4802) | 1.005
InDRespC 0.626 (0.3063, 1.013) 1.197 1.291 (1.158, 2.006) 1.083
QKidC 1.007 (0.9137, 1.103) 1.009 0.1004 (0.07307, 0.1545) |1
FracPlasC 1.001 (0.9544, 1.047) 1.01 0.04275 (0.03155, 0.06305) | 1
VFatC 0.788 (0.48, 1.056) 1.005 0.3666 (0.2696, 0.5542) |1
VGutC 1(0.937, 1.067) 1.007 0.06745 (0.04923, 0.1038) |1
VLivC 1.043 (0.8683, 1.23) 1.047 0.1959 (0.1424, 0.3017) | 1.003
VRapC 0.9959 (0.9311, 1.06) 1.006 0.06692 (0.04843, 0.1027) |1
VRespLumC 1.003 (0.8461, 1.164) 1.001 0.1671 (0.1209, 0.255) 1
VRespEffC 1 (0.8383, 1.159) 1.001 0.1672 (0.1215, 0.259) 1
VKidC 0.9965 (0.8551, 1.14) 1.007 0.1425 (0.1037, 0.2183) |1
VBIdC 1.013 (0.9177, 1.108) 1.003 0.1005 (0.07265, 0.1564) |1
InPBC 0.9704 (0.8529, 1.101) 1.001 1.216 (1.161, 1.307) 1.002
InPFatC 0.8498 (0.7334, 0.9976) 1.002 1.188 (1.113, 1.366) 1.002
InPGutC 1.095 (0.7377, 1.585) 1.029 1.413 (1.214, 2.05) 1.002
InPLivC 0.9907 (0.6679, 1.441) 1.01 1.338 (1.203, 1.683) 1
InPRapC 0.93 (0.6589, 1.28) 1.003 1.528 (1.248, 2.472) 1.001
InPRespC 1.018 (0.6773, 1.5) 1.015 1.32 (1.192, 1.656) 1
InPKidC 0.9993 (0.8236, 1.219) 1.003 1.155 (1.097, 1.287) 1
InPSIwC 1.157 (0.8468, 1.59) 1.018 1.69 (1.383, 3.157) 1.008
INPRBCPlasTCAC 0.3223 (0.04876, 0.8378) 1.007 5.507 (3.047, 19.88) 1.003
InPBodTCAC 1.194 (0.929, 1.481) 1.043 1.327 (1.185, 1.67) 1.018
InPLivTCAC 1.202 (0.8429, 1.634) 1.046 1.285 (1.162, 1.648) 1.007
InkDissocC 0.9932 (0.9387, 1.053) 1.012 1.043 (1.026, 1.076) 1.003
InBMaxkDC 0.8806 (0.7492, 1.047) 1.038 1.157 (1.085, 1.37) 1.012
InPBodTCOHC 1.703 (1.439, 2.172) 1.019 1.409 (1.267, 1.678) 1.011
InPLivTCOHC 1.069 (0.7643, 1.485) 1.028 1.288 (1.165, 1.629) 1.002
INPBodTCOGC 0.7264 (0.1237, 2.54) 1.003 11.98 (5.037, 185.3) 1.017
InPLivTCOGC 6.671 (1.545, 24.87) 1.225 5.954 (2.653, 23.68) 1.052
InPeffDCVG 0.01007 (0.003264, 0.03264) 1.004 1.385 (1.201, 2.03) 1.001

This document is a draft for review purposes only and does not constitute Agency policy.

10/20/09

A-71

DRAFT—DO NOT CITE OR QUOTE




Table A-13. Posterior distributions for human PBPK model population
parameters (continued)

Posterior distributions reflecting uncertainty in population distribution

Population (geometric) standard

Population (geometric) mean deviation

Sampled parameter Median (2.5%, 97.5%) R Median (2.5%, 97.5%) R
INKASTCA 4.511 (0.04731, 465.7) 1 5.467 (2.523, 71.06) 1
InNkASTCOH 8.262 (0.0677, 347.9) 1 5.481 (2.513, 67.86) 1
INVyaxC 0.3759 (0.2218, 0.5882) 1.026 2.21 (1.862, 2.848) 1.003
InCIC 12.64 (5.207, 39.96) 1.028 4.325 (2.672, 9.003) 1.016
InFracOtherC 0.1186 (0.02298, 0.2989) 1.061 3.449 (1.392, 9.146) 1.102
InFracTCAC 0.1315 (0.07115, 0.197) 1.026 2.467 (1.916, 3.778) 1.01
InCIDCVGC 2.786 (1.326, 5.769) 1.08 2.789 (1.867,4.877) 1.02
InKyDCVGC 1.213 (0.3908, 4.707) 1.029 4.43 (2.396, 18.56) 1.035
InCIKidDCVGC 0.04538 (0.001311, 0.1945) 1.204 3.338 (1.295, 30.46) 1.095
InKyKidDCVGC 0.2802 (0.1096, 1.778) 1.097 1.496 (1.263, 2.317) 1.001
InVyaxLungLivC 3.772 (0.8319, 9.157) 1.035 2.228 (1.335, 21.89) 1.014
InKyClara 0.2726 (0.02144, 1.411) 1.041 11.63 (1.877, 682.7) 1.041
InFracLungSysC 24.08 (6.276, 81.14) 1.016 1.496 (1.263, 2.439) 1.001
InCITCOHC 0.1767 (0.1374, 0.2257) 1.011 1.888 (1.624, 2.307) 1.01
InKyTCOH 2.221 (1.296, 4.575) 1.02 2.578 (1.782, 4.584) 1.015
InCIGlucC 0.2796 (0.2132, 0.3807) 1.056 1.955 (1.583, 2.418) 1.079
InKyGluc 133.4 (51.56, 277.2) 1.02 1.573 (1.266, 4.968) 1.011
InkMetTCOHC 0.7546 (0.1427, 2.13) 1.007 5.011 (2.668, 15.71) 1.002
InkUrnTCAC 0.04565 (0.0324, 0.06029) 1.005 1.878 (1.589, 2.48) 1.006
InkMetTCAC 0.2812 (0.1293, 0.5359) 1.004 2.529 (1.78, 4.211) 1.002
InkBileC 6.855 (3.016, 20.69) 1.464 1.589 (1.27, 3.358) 1.015
InkEHRC 0.1561 (0.09511, 0.2608) 1.1 1.699 (1.348, 2.498) 1.015
InkUrnTCOGC 15.78 (6.135, 72.5) 1.007 9.351 (4.93, 29.96) 1.003
InkDCVGC 7.123 (5.429, 9.702) 1.026 1.507 (1.311, 1.897) 1.008
INKNATC 0.0003157 (0.0001087, 0.002305) | 1.008 1.54 (1.261, 3.306) 1
InkKidBioactC 0.06516 (0.01763, 0.1743) 1.001 1.523 (1.262, 2.987) 1
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Table A-14. Posterior distributions for human residual errors

Residual error geometric standard
deviation
Measurement Group Median (2.5%, 97.5%) R
RetDose Group 4 1.131 (1.106, 1.25) 1.001
CAIVPPM Group 1 1.832 (1.509, 2.376) 1.015
Group 4 1.515(1.378, 1.738) 1
Group 5 1.44 (1.413, 1.471) 1
CVen Group 1 1.875 (1.683, 2.129) 1.018
Group 3 1.618 (1.462, 1.862) 1
Group 4 1.716 (1.513, 2.057) 1.001
Group 5 2.948 (2.423, 3.8) 1.007
CTCOH Group 1 1.205 (1.185, 1.227) 1.012
Group 3 1.213 (1.187, 1.247) 1
Group 5 2.101 (1.826, 2.571) 1.001
Group 7 1.144 (1.106, 2.887) 1.123
CPlasTCA Group 2 1.117 (1.106, 1.17) 1.001
Group 7 1.168 (1.123, 1.242) 1
CBIdTCA Group 1 1.138 (1.126, 1.152) 1.003
Group 2 1.119 (1.106, 1.178) 1
Group 4 1.488 (1.351, 1.646) 1.018
Group 5 1.438 (1.367, 1.537) 1.002
zAUTCA Group 1 1.448 (1.414, 1.485) 1.001
Group 2 1.113 (1.105, 1.149) 1.001
Group 3 1.242 (1.197, 1.301) 1.001
Group 4 1.538 (1.441, 1.67) 1
Group 6 1.158 (1.118, 1.228) 1
Group 7 1.119 (1.106, 1.181) 1
zAUTCA _collect Group 3 1.999 (1.178, 3.903) 1.003
Group 5 2.787 (2.134, 4.23) 1.001
AUrnTCOGTCOH Group 1 1.106 (1.105, 1.112) 1.001
Group 3 1.11 (1.105, 1.125) 1
Group 4 1.124 (1.107, 1.151) 1.001
Group 6 1.117 (1.106, 1.157) 1.001
Group 7 1.134 (1.106, 1.348) 1.003
AUrnTCOGTCOH_collect | Group 3 1.3 (1.111, 2.333) 1.004
Group 5 1.626 (1.524, 1.767) 1
CDCVGmol Group 1 1.53 (1.436, 1.656) 1.009
zAUrmNDCVC Group 6 1.167 (1.124, 1.244) 1
TotCTCOH Group 1 1.204 (1.185, 1.226) 1.011
Group 4 1.247 (1.177, 1.366) 1.009
Group 5 1.689 (1.552, 1.9) 1.001

The seven groups are (1) Fisher et al., 1998; (2) Paycok and Powell, 1945; (3) Kimmerle and Eben, 1973b;
(4) Monster et al., 1976; (5) Chiu et al., 2007; (6) Bernauer et al., 1996; (7) Muller et al., 1974.
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A.5.2.3. Human Model

A.5.2.3.1. Individual-specific predictions and calibration data. [See
Appendix.linked.files\AppA.5.2.3.1.Updated.human.indiv.calib. TCE.DRAFT.pdf.]

A.5.2.3.2. Population-based predictions and calibration data. [See
Appendix.linked.files\AppA.5.2.3.2.Updated.human.pop.calib. TCE.DRAFT.pdf.]

A.5.2.3.3. Population-based predictions and additional evaluation data. [See
Appendix.linked.files\AppA.5.2.3.3.Updated.human.pop.eval. TCE.DRAFT.pdf.]

A.6. EVALUATION OF RECENTLY PUBLISHED TOXICOKINETIC DATA
Several in vivo toxicokinetic studies were published or became available during internal
U.S. EPA review and Interagency Consultation, and were not evaluated as part of the originally
planned analyses. Preliminary analyses of these data are summarized here. The general
approach is the same as that used for the evaluation data in the primary analysis—population
predictions from the PBPK model are compared visually with the toxicokinetic data. Figures

with the population-based predictions and these recently published data are in the following
linked files:

e Mouse (Kim et al., 2009; Mahle et al., 2001; Green, 2003a, b):
Appendix.linked.files\AppA.6.Updated.mouse.pop.eval. TCE.DRAFT.pdf.

e Rat (Liu et al., 2009; Mahle et al., 2001):
Appendix.linked.files\AppA.6.Updated.rat.pop.eval. TCE.DRAFT.pdf.

A.6.1. TCE Metabolite Toxicokinetics in Mice: Kim et al. (2009)

Kim et al. (2009) measured TCA, DCA, DCVG, and DCVC in blood of male B6C3F1
mice following a single gavage dose of 2,140 mg/kg. Of these data, only TCA and DCVG blood
concentrations are predicted by the updated PBPK model, so only those data are compared with
PBPK model predictions (prior values for the distribution volume and elimination rate constant
of DCVG were used, as there were no calibration data informing those parameters). These data
were within the inter-quartile region of the PBPK model population predictions.

An assessment was made as to whether these data are informative as to the flux of GSH
conjugation in mice. First, the best fitting parameter sample (least squares on TCA and DCVG
in blood, weighted by inverse of the observed variance) from the posterior distribution was
selected out of 50,000 samples generated by Monte Carlo (see Figures A-7 and A-8 for the
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comparison with predictions with data). This parameter sample was then used to calculate the
fraction of intake that is predicted by the PBPK model to undergo GSH metabolism for
continuous oral and continuous inhalation exposure, and this point estimate compared to the full
posterior distribution (see Figures A-9 and A-10). The predictions for this “best fitting”
parameter set was similar (within 3-fold) of the median of the full posterior distribution. While a
formal assessment of the impact of these new data (i.e., including its uncertainty and variability)
would require a re-running of the Bayesian analysis, it appears that the median estimates for the
mouse GSH conjugation dose metric used in the dose-response assessment (see Chapter 5) are
reasonably consistent with the Kim et al. (2009) data.

80
|

CTCA (mg/L)
40 60
|

20
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Figure A-7. Comparison of best-fitting (out of 50,000 posterior samples)
PBPK model prediction and Kim et al. (2009) TCA blood concentration data
for mice gavaged with 2,140 mg/kg TCE. Full population distributions are
shown in a separate linked file (see text).
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Figure A-8. Comparison of best-fitting (out of 50,000 posterior samples)
PBPK model prediction and Kim et al. (2009) DCVG blood concentration
data for mice gavaged with 2,140 mg/kg TCE. Full population distributions are
shown in a separate linked file (see text).
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Figure A-9. PBPK model predictions for the fraction of intake undergoing
GSH conjugation in mice continuously exposed orally to TCE. Lines and
error bars represent the median and 95™ percentile confidence interval for the
posterior predictions, respectively (also reported in Section 3.5.7.2.1). Filled
circles represent the predictions from the sample (out of 50,000 total posterior
samples) which provides the best fit to the Kim et al. (2009) TCA and DCVG
blood concentration data for mice gavaged with 2,140 mg/kg TCE.
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Figure A-10. PBPK model predictions for the fraction of intake undergoing
GSH conjugation in mice continuously exposed via inhalation to TCE. Lines
and error bars represent the median and 95™ percentile confidence interval for the
posterior predictions, respectively (also reported in Section 3.5.7.2.1). Filled
circles represent the predictions from the sample (out of 50,000 total posterior
samples) which provides the best fit to the Kim et al. (2009) TCA and DCVG
blood concentration data for mice gavaged with 2,140 mg/kg TCE.

An additional note of interest from the Kim et al. (2009) data is the inter-study variability
in TCA kinetics. In particular, the TCA blood concentrations reported by Kim et al. (2009) are
2-fold lower than those reported by Abbas and Fisher (1997) in the same sex and strain of
mouse, with a very similar corn oil gavage dose of 2,000 mg/kg (as compared to 2,140 mg/kg
used in Kim et al., 2009).

A.6.2. TCE Toxicokinetics in Rats: Liu et al. (2009)

Liu et al. (2009) measured TCE in blood of male rats after treatment with TCE by i.v.
injection (0.1, 1.0, or 2.5 mg/kg) or aqueous gavage (0.0001, 0.001, 0.01, 0.1, 1, 2.5, 5, or

10 mg/kg). Almost all of the data from gavage exposures were within the inter-quartile region of
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the PBPK model population predictions, with all of it within the 95% confidence interval. For
1.v. exposures, the data at 1 and 2.5 mg/kg were well simulated, but the time-course data at

0.1 mg/kg were substantially different in shape from that predicted by the PBPK model, with a
lower initial concentration and longer half-life. The slower elimination rat at 0.1 mg/kg was
noted by the study authors through use of noncompartamental analysis. There is no clear
explanation for this discrepancy, particularly since the gavage data at this and even lower doses
were well predicted by the PBPK model.

A.6.3. TCA Toxicokinetics in Mice and Rats: Mahle et al. (2001) and Green (2003a, b)
Three technical reports (Mahle et al., 2001; Green, 2003a, b) described by Sweeney et al.

(2009) contained data on TCA toxicokinetics in mice and rats exposed to TCA in drinking water.
These technical reports were provided to U.S. EPA by the Sweeney et al. (2009) authors.

TCA blood and liver concentrations were reported by Mahle et al. (2001) for male
B6C3F1 mice and male Fischer 344 rats exposed to 0.1 g/L to 2 g/LL TCA in drinking water for 3
or 14 days (12 to 270 mg/kg/d in mice and 7 to 150 mg/kg/d in rats). For mice, these data were
all within the 95% confidence interval of PBPK model population predictions, with about half of
these data within the interquartile region. For rats, all these data, except those for the 3-day
exposure at 0.1 g/L, were within the 95% confidence interval of the PBPK model predictions. In
addition, the median rat predictions were consistently higher than the data, although this could be
explained by inter-study (strain, lot, etc.) variability.

TCA blood concentrations were reported by Green (2003a) for male and female B6C3F 1
mice exposed to 0.5 g/L to 2.5 g/LL TCA in drinking water for 5 days (130 to 600 mg/kg/d in
males and 160 to 750 mg/kg/d in females). Notably, these animals consumed around twice as
much water per day as compared to the mice reported by Mahle et al. (2001), and therefore
received comparatively higher doses of TCA for the same TCE concentration in drinking water.
In male mice, the data at the lower two doses (130 and 250 mg/kg/d) were within the inter-
quartile region of the PBPK model predictions. The data for male mice at the highest dose
(600 mg/kg/d) were below the inter-quartile region, but within the 95% confidence interval of
the PBPK model predictions. In females, the data at the lower two doses (160 and 360 mg/kg/d)
were mostly below the inter-quartile region, but within the 95% confidence interval of the PBPK
model predictions, while about half the data at the highest dose were just below the 95%
confidence interval.

TCA blood, plasma, and liver concentrations were reported by Green (2003b) for male
PPARo-null mice, male 129/sv mice (the background strain of the PPARa-null mice), and male
and female B6C3F1 mice, exposed to 1.0 g/L or 2.5 g/LL TCA in drinking water for 5 days (male
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B6C3F1 only) to 14 days.? In male PPARo-null mice, plasma and blood concentrations were
within the inter-quartile region of the PBPK model predictions, while liver concentrations were
below the inter-quartile region but within the 95% confidence interval. In male 129/sv mice, the
plasma concentrations were within the inter-quartile region of the PBPK model predictions,
while blood and liver concentrations were below the inter-quartile region but within the 95%
confidence interval. In male B6C3F1 mice, all data were within the 95% confidence intervals of
the PBPK model predictions, with about half within the inter-quartile region, and the rest above
(plasma concentrations at the lower dose) or below (liver concentrations at all but the lowest
dose at 5 days). In female B6C3F1 mice, plasma concentrations were below the inter-quartile
region but within the 95% confidence region, while liver and blood concentrations were at or
below the lower 95% confidence bound.

Overall, the predictions of the TCA submodel of the updated TCE PBPK model appear
consistent with these data on the toxicokinetics of TCA after drinking water exposure in male
rats and male mice. In female mice, the reported concentrations tends to be at the low end of or
lower than those predicted by the PBPK model. Importantly, the data used for calibrating the
mouse PBPK model parameters were predominantly in males, with only Fisher et al. (1991,
1993) reporting TCA plasma levels in female mice after TCE exposure. In addition, median
PBPK model predictions at higher doses (>300 mg/kg/d), even in males, tended to be higher than
the concentrations reported. While TCA kinetics after TCE exposure includes predicted internal
production at these higher levels, previously published data on TCA kinetics alone only included
doses up to 100 mg/kg, and only in males. Therefore, these results suggest that the median
predictions of the TCA sub-model of the updated TCE PBPK model are somewhat less accurate
for female mice and for higher doses of TCA (>300 mg/kg/d) in mice, though the 95%
confidence intervals still cover the majority of the reported data. Finally, the ratio of blood to
liver concentrations of ~1.4 reported in the mouse experiments in Mahle et al. (2001) were
significantly different from the ratios of ~2.3 reported by Green (2003b), a difference for which
there is no clear explanation given the similar experimental designs and common use the
B6C3F1 mouse strain. Because median PBPK model predictions for the blood to liver
concentration ratio for these studies are ~1.3, they are more consistent with the Mahle et al.
(2001) data than with the Green (2003b) data.

Sweeney et al. (2009) also suggested that the available data, in conjunction with
deterministic modeling using the TCA portion of the Hack et al. (2006) TCE PBPK model,

*Sweeney et al. (2009) reported that blood concentrations in Green (2003b) were incorrect due to an arithmetic error
owing to a change in chemical analytic methodology, and should have been multiplied by 2. This correction was
included in the present analysis.
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supported a hypothesis that the bioavailability of TCA in drinking water in mice is substantially
less than 100%. Classically, oral bioavailability is assessed by comparing blood concentration
profiles from oral and i.v. dosing experiments, because blood concentration data from oral
dosing alone cannot distinguish fractional uptake from metabolism. Schultz et al. (1999) made
this comparison in rats at a single dose of 82 mg/kg, and reported an empirical bioavailability of
116%, consistent with complete absorption. A4 priori, there would not seem to be a strong reason
to suspect that oral absorption in mice would be significantly different from that in rats. As
discussed above in the evaluation of Hack et al. (2006) model, available data strongly support
clearance of TCA in addition to urinary excretion, based on the finding of less than 100%
recovery in urine after i.v. dosing. In addition, as the current TCE PBPK model assumes 100%
absorption for orally-administered TCA, and the PBPK model predictions are consistent with
these data, it is likely that the limited bioavailability determined by Sweeney et al. (2009) was
confounded by this additional clearance pathway unaccounted for by Hack et al. (2006).
Therefore, the data are consistent with the combination of 100% absorption for orally-
administered TCA and an additional clearance pathway for TCA other than urinary excretion in
both rats and mice. This hypothesis could be further tested with additional experiments in mice
directly comparing of TCA toxicokinetics (blood or plasma concentrations and urinary

excretion) between i.v. and oral dosing.

A.7. UPDATED PHYSIOLOGICALLY BASED PHARMACOKINETIC (PBPK)
MODEL CODE

The following pages contain the updated PBPK model code for the MCSim software
(version 5.0.0). Additional details on baseline parameter derivations are included as inline
documentation. Example simulation files containing prior distributions and experimental

calibration data are available electronically:

e Mouse: Appendix.linked.files\TCE.1.2.3.3.Mouse.pop.example.in
e Rat: Appendix.linked.files\TCE.1.2.3.3.Rat.pop.example.in
e Human: Appendix.linked.files\TCE.1.2.3.3 . Human.pop.example.in.
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# TCE.risk.1.2.3.3.pop.model -- Updated TCE Risk Assessment Model States = {

# ##-- TCE uptake
#### HISTORY OF HACK ET AL. (2006) MODEL AStom, # Amount of TCE in stomach
# Model code to correspond to the block diagram version of the model ADuod, # oral gavage absorption -- mice and rats only
# Edited by Deborah Keys to incorporate Lapare et al. 1995 data AEXcC, #(vrisk) excreted in feces from gavage (currently 0)
# Last edited: August 6, 2004 RO, # (vrisk) total absorbed
# Translated into MCSim from acslXtreme CSL file by Eric Hack, started 31Aug2004 InhDose, # Amount inhaled
# Removed nonessential differential equations (i.e., AUCCBld) for MCMC runs. ##-- TCE in the body
# Changed QRap and QSlw calculations and added QTot to scale fractional flows ARap, # Amount in rapidly perfused tissues
# back to 1 after sampling. ASlw, # Amount in slowly perfused tissues
# Finished translating and verifying results on 15Sep2004. AFat, # Amount in fat
# Changed QSlw calculation and removed QTot 21Sep2004. AGut, # Amount in gut
# Removed diffusion-limited fat uptake 24Sep2004. ALiv, # Amount in liver
#### HISTORY OF U.S. EPA (2009) MODEL (CHIU ET AL., 2009) AKid, # Amount in Kidney -- previously in Rap tissue
# Extensively revised by U.S. EPA June 2007-June 2008 AB1d, # Amount in Blood -- previously in Rap tissue
# - Fixed hepatic plasma flow for TCA-submodel to include AInhResp, # Amount in respiratory lumen during inhalation
# portal vein (i.e., QGutLivPlas -- originally was just AResp, # Amount in respiratory tissue
# QLivPlas, which was only hepatic artery). AExhResp, # Amount in respiratory lumen during exhalation
# - Clearer coding and in-line documentation ##-- TCA in the body
# - Single model for 3 species AQTCA, # (vrisk)
# - Revised physiological parameters, with discussion of AStomTCA, # Amount of TCA in stomach
# uncertainty and variability, APlasTCA, # Amount of TCA in plasma #comment out for
# - In vitro data used for default metabolism parameters, ABodTCA, # Amount of TCA in lumped body compartment
# with discussion of uncertainty and variability ALivTICA, # Amount of TCA in liver
# - added TCE blood compartment ##-- TCA metabolized
# - added TCE kidney compartment, with GSH metabolism AUrnTCA, # Cumulative Amount of TCA excreted in urine
# - added DCVG compartment AUrnTCA_sat, # Amount of TCA excreted that during times that had
# - added additional outputs available from in vivo data # saturated measurements (for lower bounds
# - removed DCA compartment AUrnTCA_collect, # Cumulative Amount of TCA excreted in urine during
# - added IA and PV dosing (for rats) # collection times (for intermittent collection)
# - Version 1.1 -- fixed urinary parameter scaling ##-- TCOH in body
4+ -- fixed VBod in kUrnTCOG (should be VBodTCOH) AOTCOH, # (vrisk)
4+ - Version 1.1.1 -- changed some truncation limits (in commments only) AStomTCOH, # Amount of TCOH in stomach
# - Version 1.2 -- ABodTCOH, # Amount of TCOH in lumped body compartment
# -- removed TB compartment as currently coded ALivTCOH, # Amount of TCOH in liver
# -- added respiratory oxidative metabolism: ##-- TCOG in body
# 3 states: AInhResp, AResp, AExhResp ABodTCOG, # Amount of TCOG in lumped body compartment
# -- removed clearance from respiratory metabolism ALivTCOG, # Amount of TCOG in liver
# - Version 1.2.1 -- changed oral dosing to be similar to IV ABileTCOG, # Amount of TCOG in bile (incl. gut
# - Version 1.2.2 -- fixed default lung metabolism (additional ARecircTCOG, #(vrisk
# scaling by lung/liver weight ratio) ##-- TCOG excreted
# - Version 1.2.3 -- fixed FracKidDCVC scaling AUrnTCOG, # Amount of TCOG excreted in urine
4+ - Version 1.2.3.1 -- added output CDCVG_ND (no new dynamics) AUrnTCOG_sat, # Amount of TCOG excreted that during times that had
# for non-detects of DCVG in blood # saturated measurements (for lower bounds
# - Version 1.2.3.2 -- Exact version of non-detects likelihood AUrnTCOG_collect, # Cumulative Amount of TCA excreted in urine during
# - Version 1.2.3.3 -- Error variances changed to "Ve_ xxx" # collection times (for intermittent collection)
# NOTE -- lines with comment " (vrisk)" are used only for ##-- DCVG in body
4+ calculating dose metrics, and are commented out ADCVGIn, #(vrisk
# when doing MCMC runs. ADCVGmol, # Amount of DCVG in body in mmoles
#****************************************************************************** AMetDCVG' #(Vrisk)
fooxox State Variable Specifications i ##-- DCVC in body
ko kK kK ok ok Kk kKo ko ok K ok kK ok kK ok Kok ko ok ok kK ok ok o ok ok Kok ko kK ok kK ok ok kK Kk ok ADCVCIn, #(vrisk)
ADCVC, # Amount of DCVC in body
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ABioactDCVC,
##-- NACDCVC excreted
AUrnNDCVC,
##-- Other states for TCE
ACh,
AExh,
AExhExp, # Amount
##-- Metabolism
AMetLivl, #(vrisk
AMetLiv2, #(vrisk
AMetLng, #(
AMetKid, #(
AMetTCOHTCA,
AMetTCOHGluc,
AMetTCOHOther,
AMetTCA, #(vrisk)
##-- Other Dose metrics
AUCCBld, #(vrisk)
AUCCLiv, # (vrisk)
AUCCKid, # (vrisk)
AUCCRap, #( )
AUCCTCOH, # (vrisk)
AUCCBodTCOH,
AUCTotCTCOH,
AUCPlasTCAFree,
AUCPlasTCA,
AUCLivTCA,
AUCCDCVG  # (vrisk)

)
)
vrisk)
vrisk)

vrisk

bi

# (vrisk)

# Amount of NAcDCVC excreted

# Amount in closed chamber -- mice and rats only
# Amount exhaled
exhaled during expos [to calc. retention]

Amount metabolized by P450 in liver
Amount metabolized by GSH conjugation in liver

Amount metabolized in the lung

# (vrisk) Amount of TCOH metabolized to TCA
# (vrisk) Amount of TCOH glucuronidated
# (vrisk)

Amount of TCA metabolized

vrisk
vrisk
vrisk
vrisk

vrisk

oS W W oW

oKk ok Kk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kok ok ok o Kok ok ok o Kk ok ok ok Kk ok ok ok Kk ok ok ok KK ok ok ok K ok ok o Kk ok

FrAx Input Variable Specifications HAK

ok K K KK K KK K KK Rk K KR K KK K KR K KK R K KKK K KR K KR K KRR K KKK R K K KR K K KR

Inputs = {
##-- TCE dosing
Conc, # Inhalation exposure conc. (ppm)
IVDose, # IV dose (mg/kg)
PDose, # Oral gavage dose (mg/kg)
Drink, # Drinking water dose (mg/kg/day)
IADose, # Inter-arterial
PVDose, # Portal Vein
##-- TCA dosing
IVDoseTCA, # IV dose (mg/kg) of TCA
PODoseTCA, # Oral dose (mg/kg) of TCA
##-- TCOH dosing
IVDoseTCOH, # IV dose (mg/kg) of TCOH
PODoseTCOH, # Oral dose (mg/kg) of TCOH
##-- Potentially time-varying parameters
QPmeas, # Measured value of Alveolar ventilation QP
TCAUrnSat, # Flag for saturated TCA urine
TCOGUrnSat, # Flag for saturated TCOG urine
UrnMissing # Flag for missing urine collection times

i

B

Frxx Output Variable Specifications HAK
#******************************************************************************
Outputs = {
#******************************************************************************
#*** Outputs for mass balance check

MassBalTCE,

TotDose,

TotTissue,

MassBalTCOH,

TotTCOHIn,

TotTCOHDose,

TotTissueTCOH,

TotMetabTCOH,

MassBalTCA,

TotTCAIn,

TotTissueTCA,

MassBalTCOG,

TotTCOGIn,

TotTissueTCOG,

MassBalDCVG,

MassBalDCVC,

AUrnNDCVCequiv,

ok Kk K KK K KK K K KR K KR K KK K KR K KK R K KKK K KR K KR K KK K KKK R K K KR K K KR

#*** Outputs that are potential dose metrics
TotMetab, #(vrisk) Total metabolism
TotMetabBW34, #(vrisk) Total metabolism/BW"3/4
ATotMetLiv, # (vrisk) Total metabolism in liver
AMetLivlLiv, #(vrisk) Total oxidation in liver/liver volume
AMetLivOther, #(vrisk) Total "other" oxidation in liver
AMetLivOtherLiv, # (vrisk) Total "other" oxidation in liver/liver vol
AMetLngResp, # (vrisk) oxiation in lung/respiratory tissue volume
AMetGSH, #(vrisk) total GSH conjugation
AMetGSHBW34, #(vrisk) total GSH conjugation/BW"3/4
ABioactDCVCKid, #(vrisk) Amount of DCVC biocactivated/kidney volume
# NEW
TotDoseBW34, #(vrisk) mg intake / BW"3/4
AMetLiv1BW34, #(vrisk) mg hepatic oxidative metabolism / BW"3/4
TotOxMetabBW34, # (vrisk) mg oxidative metabolism / BW"3/4
TotTCAInBW, #(vrisk) TCA production / BW
AMetLngBW34, # (vrisk) oxiation in lung/BW"3/4
ABioactDCVCBW34, #(vrisk) Amount of DCVC bioactivated/BW~3/4
AMetLivOtherBW34, #(vrisk) Total "other" oxidation in liver/BW~3/4
B S e
#*** Outputs for comparison to in vivo data
# TCE
RetDose, # human - = (InhDose - AExhExp)
CAlv, # needed for CAlvPPM
CAlvPPM, # human
#

CInhPPM, mouse, rat
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CInh,
CMixExh,
CArt,
CVen,
CBldMix,

o oW W oW

CFat,
CcGut,
CRap,
CSlw,
CHrt,
CKid,
CLiv,
CLung,
CMus,
Cspl,
CBrn,
zAExh,
zAExhpost,

oS H oW W W W W W o W

# TCOH
CTCOH, #
CKidTCOH, #
CLivTCOH, #
CLungTCOH,

# TCA

CPlasTCA, #
CcBldTCA, #
CBodTCA, #
CKidTCA, #
CLivTCA, #
CLungTCA, #
zAUrnTCA, #

zAUrnTCA_collect,
zAUrnTCA_sat,

needed for CMixExh

rat - Mixed exhaled breath (mg/l)

rat, human - Arterial blood concentration

mouse, rat, human

rat - Concentration in mixed arterial+venous blood
# (used for cardiac puncture)

mouse, rat - Concentration in fat

rat

needed for unlumped tissues

needed for unlumped tissues

rat - Concentration in heart tissue [use CRap]

mouse, rat - Concentration in kidney

mouse, rat - Concentration in liver

mouse, rat - Concentration in lung [use CRap]

rat - Concentration in muscle [use CSlw]

rat - Concentration in spleen [use CRap]

rat - Concentration in brain [use CRap]

mouse

# rat - Amount exhaled post-exposure (mg)

mouse, rat, human - TCOH concentration in blood
mouse - TCOH concentration in kidney
mouse - TCOH concentration in liver

# mouse - TCOH concentration in lung

mouse, rat, human - TCA concentration in plasma

mouse, rat, human - TCA concentration in blood

needed for CKidTCA and CLungTCA

mouse - TCA concentration in kidney

mouse, rat - TCA concentration in liver

mouse - TCA concentration in lung

mouse, rat, human - Cumulative Urinary TCA

# human - TCA measurements for intermittent collection
# human - Saturated TCA measurements

# TCOG

zABileTCOG, # rat - Amount of TCOG in bile (mg)

CTCOG, # needed for CTCOGTCOH

CTCOGTCOH, # mouse - TCOG concentration in blood (in TCOH-equiv)
CKidTCOGTCOH, # mouse - TCOG concentration in kidney (in TCOH-equiv)
CLivTCOGTCOH, # mouse - TCOG concentration in liver (in TCOH-equiv)
CLungTCOGTCOH, # mouse - TCOG concentration in lung (in TCOH-equiv)
AUrnTCOGTCOH, # mouse, rat, human - Cumulative Urinary TCOG (in TCOH-equiv)

AUrnTCOGTCOH_collect,

# human - TCOG (in TCOH-equiv) measurements for
# intermittent collection

AUrnTCOGTCOH_sat, # human - Saturated TCOG (in TCOH-equiv) measurements

# Other
CDCVGmol,
CDCVGmol0,
CDCVG_ND, #

# concentration of DCVG (mmol/1)
# Dummy variable without likelihood (for plotting)#(v1.2.3.1)
Non-detect of DCVG (<0.05 pmol/ml= 5e-5 mmol/l )#(v1.2.3.1)

# Output -1ln(likelihood) # (v1l.
# rat, human - Cumulative urinary NAcDCVC

zAUrnNDCVC,
AUrnTCTotMole,

TotCTCOH, # mouse, human - TCOH+TCOG Concentration

2.3.1)

(in TCOH-equiv)

TotCTCOHcomp, # ONLY FOR COMPARISON WITH HACK
ATCOG, # ONLY FOR COMPARISON WITH HACK
QPsamp, # human - sampled value of alveolar ventilation rate

## PARAMETERS # (vrisk)

QCnow, # (vrisk) #Cardiac output (L/hr)
QP, # (vrisk) #Alveolar ventilation (L/hr)
QFatCtmp, # (vrisk) #Scaled fat blood flow

(
QGutCtmp, # (vrisk) #Scaled gut blood flow
QLivCtmp, # (vrisk) #Scaled liver blood flow
Q0SlwCtmp, # (vrisk) #Scaled slowly perfused blood flow
QRapCtmp, # (vrisk) #Scaled rapidly perfused blood flow
QKidCtmp, # (vrisk) #Scaled kidney blood flow
DResp, # (vrisk) #Respiratory lumen:tissue diffusive clearance rate
VFatCtmp, # (vrisk) #Fat fractional compartment volume
VGutCtmp, # (vrisk) #Gut fractional compartment volume
VLivCtmp, # (vrisk) #Liver fractional compartment volume
( )

VRapCtmp, # (vrisk

VRespLumCtmp, # (vrisk) # Fractional volume of respiratory lumen

#Rapidly perfused fractional compartment volume

# rat, human - Cumulative urinary TCOH+TCA in mmoles

VRespEffCtmp, # (vrisk) #Effective fractional volume of respiratory tissue

VKidCtmp, # (vrisk) #Kidney fractional compartment volume

VBldCtmp, # (vrisk) #Blood fractional compartment volume

VSlwCtmp, # (vrisk) #Slowly perfused fractional compartment volume

VPlasCtmp, # (vrisk) #Plasma fractional compartment volume

VBodCtmp, # (vrisk) #TCA Body fractional compartment volume

blood+liver]

VBodTCOHCtmp, # (vrisk) #TCOH/G Body fractional compartment volume

liver]
PB, # (vrisk) #TCE Blood/air partition coefficient
PFat, (vrisk) #TCE Fat/Blood partition coefficient

PLiv,
PRap,

PResp, # (vrisk) #TCE Respiratory tissue:air partition coefficient

(
#
PGut, # (vrisk) #TCE Gut/Blood partition coefficient
# (vrisk) #TCE Liver/Blood partition coefficient
#

PKid, # (vrisk) #TCE Kidney/Blood partition coefficient

PSlw, # (vrisk) #TCE Slowly perfused/Blood partition coefficient

[not incl.

(vrisk) #TCE Rapidly perfused/Blood partition coefficient

[not incl.

TCAPlas, # (vrisk) #TCA blood/plasma concentration ratio

PBodTCA, # (vrisk) #Free TCA Body/blood plasma partition coefficient
PLivTCA, # (vrisk) #Free TCA Liver/blood plasma partition coefficient
kDissoc, # (vrisk) #Protein/TCA dissociation constant (umole/L)

BMax, # (vrisk) #Maximum binding concentration (umole/L)

PBodTCOH, # (vrisk) #TCOH body/blood partition coefficient

PLivTCOH, # (vrisk) #TCOH liver/body partition coefficient

PBodTCOG, # (vrisk) #TCOG body/blood partition coefficient

PLivTCOG, # (vrisk) #TCOG liver/body partition coefficient

VDCVG, # (vrisk) #DCVG effective volume of distribution
kAS, # (vrisk) #TCE Stomach absorption coefficient (/hr)

kTSD, # (vrisk) #TCE Stomach-duodenum transfer

coefficient

(/hr)
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kAD, # (vrisk) #TCE Duodenum absorption coefficient (/hr)

kTD, # (vrisk) #TCE Duodenum-feces transfer coefficient (/hr)

kKASTCA, # (vrisk) #TCA Stomach absorption coefficient (/hr)

kASTCOH, # (vrisk) #TCOH Stomach absorption coefficient (/hr)

VMax, # (vrisk) #VMax for hepatic TCE oxidation (mg/hr)

KM, # (vrisk) #KM for hepatic TCE oxidation (mg/L)

FracOther, # (vrisk) #Fraction of hepatic TCE oxidation not to TCA+TCOH

FracTCA, # (vrisk) #Fraction of hepatic TCE oxidation to TCA

VMaxDCVG, # (vrisk) #VMax for hepatic TCE GSH conjugation (mg/hr)

KMDCVG, # (vrisk) #KM for hepatic TCE GSH conjugation (mg/L)

VMaxKidDCVG, # (vrisk) #VMax for renal TCE GSH conjugation (mg/hr)

KMKidDCVG, # (vrisk) #KM for renal TCE GSH conjugation (mg/L)

FracKidDCVC, # (vrisk) #Fraction of renal TCE GSH conj. "directly" to DCVC
# (vrisk) #(i.e., via first pass)

VMaxClara, # (vrisk) #VMax for Tracheo-bronchial TCE oxidation (mg/hr)

KMClara, # (vrisk) #KM for Tracheo-bronchial TCE oxidation (mg/L)

FracLungSys, # (vrisk) #Fraction of respiratory metabolism to systemic circ.

VMaxTCOH, # (vrisk) #VMax for hepatic TCOH->TCA (mg/hr)

KMTCOH, # (vrisk) #KM for hepatic TCOH->TCA (mg/L)

VMaxGluc, # (vrisk) #VMax for hepatic TCOH->TCOG (mg/hr)

KMGluc, # (vrisk) #KM for hepatic TCOH->TCOG (mg/L)

kMetTCOH, # (vrisk) #Rate constant for hepatic TCOH->other (/hr)

kUrnTCA, # (vrisk) #Rate constant for TCA plasma->urine (/hr)

kMetTCA, # (vrisk) #Rate constant for hepatic TCA->other (/hr)

kBile, # (vrisk) #Rate constant for TCOG liver->bile (/hr)

kEHR, # (vrisk) #Lumped rate constant for TCOG bile->TCOH liver (/hr)

kUrnTCOG, # (vrisk) #Rate constant for TCOG->urine (/hr)

kDCVG, # (vrisk) #Rate constant for hepatic DCVG->DCVC (/hr)

kNAT, # (vrisk) #Lumped rate constant for DCVC->Urinary NAcDCVC (/hr)

kKidBioact, # (vrisk) #Rate constant for DCVC bioactivation (/hr)

## Misc
RUrnTCA, # (vrisk)
RUrnTCOGTCOH, # (vrisk)
RUrnNDCVC, +# (vrisk)
RAO,
CVenMole,
CPlasTCAMole,
CPlasTCAFreeMole

i

5Kk ok Kk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kok ok ok Kk ok ok o Kk ok ok ok Kk ok ok ok Kk ok ok ok K K ok ok ok Kk ok o Kk

FrAx Global Constants *okx

K K o K KK o K KK K KK K KKK K KKK K XK K KK K KK K KKK K K XK K K KKK K KKK K KKK R K K XK

# Molecular Weights

MWTCE = 131.39; # TCE
MWDCA = 129.0; # DCA
MWDCVC = 216.1; # DCVC
MWTCA = 163.5; # TCA
MWChlor = 147.5; # Chloral
MWTCOH = 149.5; # TCOH
MWTCOHGluc = 325.53; # TCOH-Gluc

MWNADCVC

# Stoichiometr

StochChlorTCE =

StochTCATCE
StochTCATCOH
StochTCOHTCE
StochGlucTCOH
StochTCOHGluc
StochTCEGluc
StochDCVCTCE
StochN

StochDCATCE

Kk ok Kk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kok ok ok kK ok ok ok Kk

Hkkx

K K o K KK o K KK K KK K KKK K KKK K XK S K KK K KK K KKK K K XK K XK K K KKK R K KK KR K K XK

= 258.8;

y

# N Acetyl DCVC

MWChlor / MWTCE;

= MWTCA / MWTCE;

= MWTCA / MWTCOH;

= MWTCOH / MWICE;

= MWTCOHGluc / MWTCOH;
= MWTCOH / MWTCOHGluc;
= MWTCE / MWTCOHGluc;
= MWDCVC / MWTCE;

= MWNADCVC / MWDCVC;

= MWDCA / MWTCE;

Global Model Parameters

# These are the actual model parameters used in "dynamics."

# Values that are assigned in the "initialize" section,

# are all set to 1 to avoid confusion.

ok K K KK KKK K K KR K KR K KK R K KK K KK R K KKk K KR K KR K K KK K KKK R K K KR K K KR

# Flows

Qc =
QPsamp =
VPR =
QFatCtmp =
QGutCtmp =
QLivCtmp =
QSlwCtmp =

DResptmp =
[scaled to Q
QKidCtmp =
FracPlas = 1;

T S

B S

# Volumes

VFat =
VGut =
VLiv =
VRap =

o e B e

VRespLum =
VRespEfftmp
VRespEff = 1;

% o oW W

#

Cardiac output (L/hr)

Alveolar ventilation (L/hr)

Alveolar ventilation-perfusion ratio

Scaled fat blood flow
Scaled gut blood flow
Scaled liver blood flow

Scaled slowly perfused blood flow

Respiratory lumen:tissue diffusive clearance rate

Scaled kidney blood flow
Fraction of blood that is

plasma (l-hematocrit)

Fat compartment volume (L)

Gut compartment volume (L)

Liver compartment volume

(L)

Rapidly perfused compartment volume (L)

Volume of respiratory lumen (L air)

1; #(vrisk) volume for respiratory tissue (L)

Effective volume for respiratory tissue (L air) = V(tissue)

Resp:Air partition coefficient

VKid =1;
VB1ld 1
VSlw =1
VPlas =1;
VBod =1
VBodTCOH = 1;

B S

Kidney compartment volume

Blood compartment volume

(L)
(L)

Slowly perfused compartment volume (L)

Plasma compartment volume

[fraction of blood] (L)

TCA Body compartment volume [not incl. blood+liver]

TCOH/G Body compartment volume [not incl. liver] (L)

# Distribution/partitioning

PB = 1;

# TCE Blood/air partition coefficient

*k ok

(L/hr)

(L)

*
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PFat =1; # TCE Fat/Blood partition coefficient

PGut =1; # TCE Gut/Blood partition coefficient

PLiv =1; # TCE Liver/Blood partition coefficient

PRap =1; # TCE Rapidly perfused/Blood partition coefficient
PResp =1; # TCE Respiratory tissue:air partition coefficient
PKid =1; # TCE Kidney/Blood partition coefficient

PSlw =1; # TCE Slowly perfused/Blood partition coefficient
TCAPlas =1; # TCA blood/plasma concentration ratio

PBodTCA =1; # Free TCA Body/blood plasma partition coefficient
PLivTCA = 1; # Free TCA Liver/blood plasma partition coefficient
kDissoc =1; # Protein/TCA dissociation constant (umole/L)

BMax = 1; # Protein concentration (UNITS?

PBodTCOH = 1; # TCOH body/blood partition coefficient

PLivTCOH = 1; # TCOH liver/body partition coefficient

PBodTCOG = 1; # TCOG body/blood partition coefficient

PLivTCOG = 1; # TCOG liver/body partition coefficient

VDCVG =1; # DCVG effective volume of distribution

K K o K KK o K KK K KK K KKK K K XK K XK K KK K KK K KKK K K XK K K XK KK K KKK R K KK KR K K XK

# Oral absorption

kTSD = 1.4; # TCE Stomach-duodenum transfer coefficient (/hr
kAS =1.4; # TCE Stomach absorption coefficient (/hr)

kTD =0.1; # TCE Duodenum-feces transfer coefficient (/hr
kAD = 0.75; # TCE Duodenum absorption coefficient (/hr)
KASTCA = 0.75; # TCA Stomach absorption coefficient (/hr)
kASTCOH = 0.75; # TCOH Stomach absorption coefficient (/hr)

5Kk ok Kk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kok ok ok Kok ok ok o Kk ok ok ok Kk ok ok ok Kk ok ok ok KK ok ok ok K ok ok o Kk ok

# TCE Metabolism

VMax =1; # VMax for hepatic TCE oxidation (mg/hr)

KM =1; # KM for hepatic TCE oxidation (mg/L)

FracOther = 1; # Fraction of hepatic TCE oxidation not to TCA+TCOH
FracTCA = 1; # Fraction of hepatic TCE oxidation to TCA

VMaxDCVG = 1; # VMax for hepatic TCE GSH conjugation (mg/hr)

KMDCVG = 1; # KM for hepatic TCE GSH conjugation (mg/L)
VMaxKidDCVG =1; # VMax for renal TCE GSH conjugation (mg/hr)

KMKidDCVG = 1; # KM for renal TCE GSH conjugation (mg/L)

VMaxClara = 1; # VMax for Tracheo-bronchial TCE oxidation (mg/hr)

KMClara =1; # KM for Tracheo-bronchial TCE oxidation (mg/L)
#

but in units of air concentration

FracLungSys 1; # Fraction of respiratory oxidative metabolism that

enters systemic circulation

5Kk ok Kk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kok ok ok Kk ok ok o Kk ok ok ok Kk ok ok ok Kk ok ok ok K K ok ok ok Kk ok o Kk

# TCOH metabolism

VMaxTCOH = 1; # VMax for hepatic TCOH->TCA (mg/hr)

KMTCOH =1; # KM for hepatic TCOH->TCA (mg/L)

VMaxGluc = 1; # VMax for hepatic TCOH->TCOG (mg/hr)

KMGluc =1; # KM for hepatic TCOH->TCOG (mg/L)

kMetTCOH = 1; # Rate constant for hepatic TCOH->other (/hr)

#******************************************************************************
# TCA metabolism/clearance

kUrnTCA = 1; # Rate constant for TCA plasma->urine (/hr)

kMetTCA =1; # Rate constant for hepatic TCA->other (/hr)

Kk ok KKk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok K ok ok ok Kok ok ok o Kk ok ok ok Kk ok ok ok Kk ok ok ok KK ok ok ok K ok ok ok o Kk ok

# TCOG metabolism/clearance

kBile = 1; # Rate constant for TCOG liver->bile (/hr)

kEHR =1; # Lumped rate constant for TCOG bile->TCOH liver (/hr
kUrnTCOG = 1; # Rate constant for TCOG->urine (/hr)
#******************************************************************************
# DCVG metabolism

kDCVG = 1; # Rate constant for hepatic DCVG->DCVC (/hr

FracKidDCVC =1;
(i.e., via first pass)
#******************************************************************************
# DCVC metabolism/clearance

kNAT =1; # Lumped rate constant for DCVC->Urinary NAcDCVC (/hr
kKidBioact =1; # Rate constant for DCVC bioactivation (/hr)

Kk ok Kk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok K ok ok ok o Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok K ok ok ok K ok ok ok ok Kk

# Closed chamber and other exposure parameters

Rodents =1; # Number of rodents in closed chamber data

VCh =1; # Chamber volume for closed chamber data

kLoss = 1; # Rate constant for closed chamber air loss

cc = 0.0; # Initial chamber concentration (ppm)

TChng = 0.003; # IV infusion duration (hour)
#******************************************************************************
## Flag for species, sex -- these are global parameters

BW = 0.0; # Species-specific defaults during initialization
BW75 = 0.0; # (vrisk) Variable for BW"3/4

Male =1.0; # 1 = male, 0 = female

Species =1.0; # 1 = human, 2 = rat, 3 = mouse

K Ko K XK o K KK K KK K KKK K K XK K K XK K KK K KK K KKK K K XK K K KKK K KKK K KK KR K K XK

Fxxx Potentially measured covariates (constants) il

B S

BWmeas = 0.0; # Body weight

VFatCmeas = 0.0; # Fractional volume fat

PBmeas = 0.0; # Measured blood-air partition coefficient
Hematocritmeas = 0.0; # Measured hematocrit -- used for FracPlas = 1 - HCt

CDCVGmolLD = 5e-5; # Detection limit of CDCVGmol# (v1.2.3.1)

B B R R S R A e L T F T
Frxx Global Sampling Parameters HAK
#******************************************************************************
# These parameters are potentially sampled/calibrated in the MCMC or MC

# analyses. The default values here are used if no sampled value is given.

# M_ indicates population mean parameters used only in MC sampling

# V_ indicates a population variance parameter used in MC and MCMC sampling
# Flow Rates
1nQCC = 0.0; # Scaled by BW"0.75 and species-specific central estimates

1nVPRC = 0.0; # Scaled to species-specific central estimates

# Fractional Blood Flows to Tissues (fraction of cardiac output)

QFatC =1.0; # Scaled to species-specific central estimates
QGutC =1.0; # Scaled to species-specific central estimates
QLivC =1.0; # Scaled to species-specific central estimates
QS1lwC =1.0; # Scaled to species-specific central estimates

# Fraction of renal TCE GSH conj. "directly" to DCVC
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QKidC =
FracPlasC =
1nDRespC =

# Fractional Tissue Volumes

Scaled
Scaled
Scaled
Scaled
Scaled
Scaled

VFatC =
VGutC =
VLivC =
VRapC =
VRespLumC =
VRespEffC =

VKidC =
VB1dC =

# Partition
1nPBC
InPFatC =
1nPGutC =
1nPLivC =
1nPRapC =
1nPRespC =
1nPKidC =
1InPS1wC =

o o o o o o o o
o

# Partition Coefficients for

1.0;
1.0;
0.0;

.0;
.0;
.07
.07
.0;
.0;

e S R R

1.0;
1.0;

Coefficients for
Scaled
Scaled
Scaled
Scaled
Scaled
Scaled
Scaled
Scaled

.0;
.0
.07

1nPRBCPlasTCAC

1InPBodTCAC
1nPLivTCAC

# Plasma Binding for TCA
0.

InkDissocC

1nBMaxkDC =

0.0;

# Scaled to species-specific central estimates

# Scaled to species-specific central estimates

# Scaled to alveolar ventilation rate in dynamics

#

#
#
#
#
#

P

#

#
#
#
#
#
#
#

Scaled
# Scaled

0.0;
0.
0.

0;
0;

0;

to
to
to
to
to
to

to
to

TCE

to
to
to
to
to
to
to
to

(fraction of BW)

species-specific
species-specific
species-specific
species-specific
species-specific

species-specific

species-specific
species-specific

species-specific
species-specific
species-specific
species-specific
species-specific
species-specific
species-specific
species-specific

TCA

central
central
central
central
central

central

central
central

central
central
central
central
central
central
central
central

estimates
estimates
estimates
estimates
estimates

estimates

estimates

estimate

estimates
estimates
estimates
estimates
estimates
estimates
estimates

estimates

# Scaled to species-specific central

# Scaled to species-specific central

# Scaled to species-specific central

# Scaled to species-specific central

# Scaled to species-specific central estimates

# Partition Coefficients for TCOH and TCOG

1nPBodTCOHC
1nPLivTCOHC
1nPBodTCOGC
InPLivTCOGC
1InPeffDCVG

0

# Oral Absorption rates

1nkTSD =
1nkAS =
1nkTD =
1nkAD =
1nkASTCA =
1nkASTCOH =

0.336;
0.336;
-2.303;
-0.288;
-0.288;
-0.288;

# TCE Metabolism

1nVMaxC =
1nKMC =
1nClC =

0.0;
0.0;
0.0;

# Scaled by liver weight and species-specific central estimates

o o o o

#

#
#
#
#

central

Scaled to species-specific

Scaled
Scaled
Scaled
Scaled

species-specific
species-specific
species-specific
species-specific

central
central
central

central

# Scaled to species-specific central estimates

# Scaled to species-specific central estimates

estimates
estimates
estimates

estimates

estimates
estimates
estimates
estimates
estimates

InFracOtherC = 0.0; # Ratio of DCA to non-DCA
InFracTCAC = 0.0; # Ratio of TCA to TCOH
1nVMaxDCVGC = 0.0; # Scaled by liver weight and species-specific central
estimates
1nC1lDCVGC = 0.0; # Scaled to species-specific central estimates
1nKMDCVGC = 0.0; # Scaled to species-specific central estimates
1nVMaxKidDCVGC = 0.0; # Scaled by kidney weight and species-specific central
estimates
1nC1lKidDCVGC = 0.0; # Scaled to species-specific central estimates
1nKMKidDCVGC =0.0; # Scaled to species-specific central estimates
1nVMaxLungLivC = 0.0; # Ratio of lung Vmax to liver Vmax,
# Scaled to species-specific central estimates
InKMClara = 0.0; # now in units of air concentration
# Clearance in lung
InFracLungSysC = 0.0; # ratio of systemic to local clearance of lung
oxidation
# TCOH Metabolism
1nVMaxTCOHC = 0.0; # Scaled by BW"0.75
1InC1TCOHC = 0.0; # Scaled by BW"0.75
1nKMTCOH = 0.0; #
1nVMaxGlucC = 0.0; # Scaled by BW"0.75
1nClGlucC = 0.0; # Scaled by BW"0.75
1nKMGluc = 0.0; #
1nkMetTCOHC = 0.0; # Scaled by BW"-0.25
# TCA Metabolism/clearance
1nkUrnTCAC = 0.0; # Scaled by (plasma volume)”-1 and species-specific
central estimates
1nkMetTCAC = 0.0; # Scaled by BW"-0.25

# TCOG excretion and reabsorption

1nkBileC = 0.0; #
InkEHRC = 0.0; #
1nkUrnTCOGC = 0.0;

central estimates

# DCVG metabolism
InFracKidDCVCC
1nkDCVGC = 0.0;

# DCVC metabolism
1nkNATC = 0.0;
InkKidBioactC

#

#

0.0;
Scaled

#

#
by

Scaled by BW"-0.25
Scaled by BW"-0.25

Scaled by (blood volume)”-1 and species-specific

Ratio of "directly" to DCVC to systemic DCVG
BW"-0.25

Scaled by BW"-0.25

0.0;

# Closed chamber parameters

NRodents = 1;
VChC =1;
lnkLossC = 0;

#
#
#

#

Scaled by BW"-0.25

B S

# Population means
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o W W oW oW W W oW W W

.

M_lnQcC =
M 1nVPRC =
M QFatC =
M _QGutC =
M QLivC =
M QSlwC =
M _QKidC =
M FracPlasC
M_1nDRespC =
M VFatC =

M _VLivC =

M _VRapC =

M _VRespLumC =
M _VRespEffC =
M VKidC =
M_VBldC
M_1nPBC =
M InPFatC =
M_1nPGutC =
M _1nPLivC =
M 1nPRapC =
M 1nPRespC

1
M VGutC = 1.
1
1

R R

M_1nPKidC = 1.0;
M _1nPS1wC = 1.0;
M_1nPRBCPlasTCAC

M 1nPBodTCAC
M_1nPLivTCAC
M_1lnkDissocC
M 1nBMaxkDC

M_1nPBodTCOHC
M 1nPLivTCOHC
M 1nPBodTCOGC
M_1nPLivTCOGC
M 1nPeffDCVG
M 1nkTSD =
M 1nkAS =
M 1nkTD =
M 1nkAD =
M_1nkASTCA

M 1nkASTCOH

T
o 0o 0o o o o o

o o

e R R =R =R = S = S e I = R =

I
e e e e

=oe e e
o o o o

These are given truncated normal or uniform distributions, depending on
what prior information is available. Note that these distributions
reflect uncertainty in the population mean, not inter-individual

variability. Normal distributions are truncated at 2, 3, or 4 SD.

For fractional volumes and flows, 2xSD

For plasma fraction, 3xSD

For cardiac output and ventilation-perfusion ratio, 4xSD
For all others, 3xSD

uniform distributions, range of le2 to le8 fold, centered on

central estimate.

O O 0O o o o o o o o

M InVMaxC = 1.0;

M_1nKMC = 1.0;

M _1nClC =1.0;

M InFracOtherC =
M_1lnFracTCAC =
M 1nVMaxDCVGC =
M 1nClDCVGC =
M_1nKMDCVGC =
M_1nVMaxKidDCVGC =
M_1nClKidDCVGC =
M_1nKMKidDCVGC =
M 1nVMaxLungLivC =
M_1nKMClara =

M InFracLungSysC =
M 1nVMaxTCOHC =
M_1nC1TCOHC =
M 1nKMTCOH =
M 1nVMaxGlucC =
M 1nClGlucC =
M_1nKMGluc =
M_1nkMetTCOHC =
M_1nkUrnTCAC =
M 1nkMetTCAC =

e e e e e e e e e
O 0O 0O 0O 0000000000000 0 O O O

M_1nkBileC = ;
M_1nkEHRC = 1.0;

M_1nkUrnTCOGC =1.0;
M_1nFracKidDCVCC =1.0;
M 1nkDCVGC = 1.0;
M _1nkNATC = 1.0;

M_lnkKidBioactC =1.0;

ok Kk K KK K KK K K KR R K KR KKK K K KR K KKK K KK R K KR K KR K KK K KKK R K K KR K K KR

# Population Variances

#

# These are given InvGamma (alpha,beta) distributions. The parameterization
# for alpha and beta is given by:

4+ alpha = (n-1)/2

# beta = s72*(n-1)/2

# where n = number of data points, and s”2 is the sample variance

# Sum(x_i"2)/n - <x>"2.

# Generally, for parameters for which there is no direct data, assume a

4+ value of n = 5 (alpha = 2). For a sample variance s"2, this gives
# an expected value for the standard deviation <sigma> = 0.9*s,

# a median [2.5%,97.5%] of 1.1*s [0.6%*s,2.9%s].

#

V_1nQCC =1.0;

V_1nVPRC = 1.0;

V_QFatC = 1.0;

V_QGutC = 1.0;

V_QLivC = 1.0;

V_QSlwC = 1.0;

V_QKidC = 1.0;
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V_FracPlasC =1.0; V_1nKMGluc =1.0;
V_1nDRespC = 1.0; V_1nkMetTCOHC =1.0;
V_VFatC =1.0; V_1nkUrnTCAC =1.0;
V_VGutC =1.0; V_1nkMetTCAC =1.0;
V_VLivC =1.0; V_1nkBileC =1.0;
V_VRapC = 1.0; V_1nkEHRC = 1.0;
V_VRespLumC = 1.0; V_1nkUrnTCOGC =1.0;
V_VRespEffC = 1.0; V_1nFracKidDCVCC =1.0;
V_VKidC = 1.0; V_1nkDCVGC =1.0;
V_VBldC = 1.0; V_1nkNATC = 1.0;

V_1nPBC =1.0; V_1nkKidBioactC =1.0;
V_1nPFatC = 1.0;

V 1nPGutC = 1. O; #******************************************************************************
V_1nPLivC = 1.0; # Measurement error variances for output
V_1nPRapC = 1.0;

V_1nPRespC =1.0; Ve_RetDose =1;
V_1nPKidC = 1.0; Ve_CAlv =1;

V_1nPS1wC = 1.0; Ve_CAlvPPM =1;
V_1nPRBCPlasTCAC = 1.0; Ve_CInhPPM =1;
V_1nPBodTCAC =1.0; Ve_CInh =1;
V_1nPLivTCAC =1.0; Ve_CMixExh =1;
V_1nkDissocC =1.0; Ve _CArt =1;

V_1nBMaxkDC =1.0; Ve_CVen =1;
V_1nPBodTCOHC = 1.0; Ve_CBldMix =1;
V_1nPLivTCOHC =1.0;

V_1nPBodTCOGC =1.0; Ve_CFat =1;
V_1nPLivTCOGC =1.0; Ve_CGut =1;
V_1nPeffDCVG =1.0; Ve_CRap =1;

V_1nkTSD = 1.0; Ve _CSlw =1;

V_1nkAS =1.0; Ve_CHrt =1;

V_1nkTD =1.0; Ve_CKid =1;

V_1nkAD =1.0; Ve _CLiv =1;

V_1nkASTCA =1.0; Ve CLung = 1;

V_1nkASTCOH =1.0; Ve_CMus =1;

V_1nVMaxC = 1.0; Ve_Cspl =1;

V_1nKMC =1.0; Ve_CBrn =1;

V_1nClC =1.0; Ve _zAExh = 1;
V_1nFracOtherC =1.0; Ve_zAExhpost =1;
V_1nFracTCAC =1.0;

V_1nVMaxDCVGC =1.0;

V_1nC1DCVGC =1.0; Ve CTCOH = 1;

V_1nKMDCVGC =1.0; Ve_CKidTCOH =1;
V_1nVMaxKidDCVGC =1.0; Ve CLivTCOH =1;
V_1nClKidDCVGC =1.0; Ve_CLungTCOH =1;
V_1nKMKidDCVGC =1.0;

V_1nVMaxLungLivC =1.0;

V_1nKMClara =1.0; Ve_CPlasTCA =1;
V_1nFracLungSysC =1.0; Ve_CB1dTCA =1;
V_1nVMaxTCOHC =1.0; Ve_CBodTCA =1;
V_1nClTCOHC =1.0; Ve CKidTCA =1;
V_1nKMTCOH = 1.0; Ve_CLivTCA =1;
V_1nVMaxGlucC =1.0; Ve_CLungTCA =1;
V_1nClGlucC =1.0; Ve_zAUrnTCA =1;
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Ve zAUrnTCA collect = 1;

Ve_zAUrnTCA_sat =1;
Ve_zABileTCOG =1;
Ve CTCOG = 1;

Ve_CTCOGTCOH =1
Ve_CKidTCOGTCOH =1
Ve_CLivTCOGTCOH =1
Ve_CLungTCOGTCOH =1;
1
t

Ve_AUrnTCOGTCOH
Ve AUrnTCOGTCOH_collec

Ve AUrnTCOGTCOH_sat = 1;

Ve_CDCVGmol =
Ve_zAUrnNDCVC =
Ve_AUrnTCTotMole =
Ve_TotCTCOH =

o e e

Ve_QPsamp = 1;

K K K KK o K KK K KKK K KKK K KKK K XK K KK K KK K KKK K K XK K K XK KR K KKK K K KKK R K K XK

Frxx Defaults for input parameters il

Kk ok Kk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok KK ok ok ok K ok ok o o Kk ok

##-- TCE dosing

Conc = 0.0; # Inhalation exposure conc. (ppm)
IVDose = 0.0; # IV dose (mg/kg)

PDose = 0.0; # Oral gavage dose (mg/kg)

Drink = 0.0; # Drinking water dose (mg/kg/day)
IADose = 0.0; # Intraarterial dose (mg/kg)
PVDose = 0.0; # Portal vein dose (mg/kg)

##-- TCA dosing
IVDoseTCA = 0.0;# IV dose (mg/kg) of TCA
PODoseTCA = 0.0;# Oral dose (mg/kg) of TCA
##-- TCOH dosing
IVDoseTCOH = 0.0;# IV dose (mg/kg) of TCOH
PODoseTCOH = 0.0;# Oral dose (mg/kg) of TCOH
##-- Potentially time-varying parameters
QPmeas = 0.0; # Measured value of Alveolar ventilation QP
TCAUrnSat = 0.0;# Flag for saturated TCA urine
TCOGUrnSat = 0.0;# Flag for saturated TCOG urine

UrnMissing = 0.0;# Flag for missing urine collection times

Initialize {

Kk ok Kk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok K ok ok ok Kk ok ok o Kk ok ok ok Kk ok ok ok Kk ok ok ok KK ok ok ok kK ok ok o Kk

FrAx Parameter Initialization and Scaling b

ok K K KK K KKK K K KR K KR K KK K KK K KK R K KK R K KR K KR K KR K KRR R K K KR R K K KR

# Model Parameters (used in dynamics):

# Qc Cardiac output (L/hr)
# VPR Ventilation-perfusion ratio
# QPsamp Alveolar ventilation (L/hr)

T T T T T T T T S e I T e T T T T

QFatCtmp Scaled fat blood flow

QGutCtmp Scaled gut blood flow

QLivCtmp Scaled liver blood flow

QSlwCtmp Scaled slowly perfused blood flow

DResptmp Respiratory lumen:tissue diffusive clearance rate
QKidCtmp Scaled kidney blood flow

FracPlas Fraction of blood that is plasma (l-hematocrit)

VFat Fat compartment volume (L)

VGut Gut compartment volume (L)

VLiv Liver compartment volume (L)

VRap Rapidly perfused compartment volume (L)

VRespLum Volume of respiratory lumen (L air)

VRespEff Effective volume of respiratory tissue (L air)

VKid Kidney compartment volume (L)

VB1ld Blood compartment volume (L)

VSlw Slowly perfused compartment volume (L)

VPlas Plasma compartment volume [fraction of blood] (L)
VBod TCA Body compartment volume [not incl. blood+liver]

VBodTCOH TCOH/G Body compartment volume [not incl. liver] (L)

PB TCE Blood/air partition coefficient

PFat TCE Fat/Blood partition coefficient

PGut TCE Gut/Blood partition coefficient

PLiv TCE Liver/Blood partition coefficient

PRap TCE Rapidly perfused/Blood partition coefficient
PResp TCE Respiratory tissue:air partition coefficient
PKid TCE Kidney/Blood partition coefficient

PSlw TCE Slowly perfused/Blood partition coefficient
TCAPlas TCA blood/plasma concentration ratio

PBodTCA Free TCA Body/blood plasma partition coefficient
PLivTCA Free TCA Liver/blood plasma partition coefficient
kDissoc Protein/TCA dissociation constant (umole/L)

BMax Maximum binding concentration (umole/L)

PBodTCOH TCOH body/blood partition coefficient
PLivTCOH TCOH liver/body partition coefficient
PBodTCOG TCOG body/blood partition coefficient
PLivTCOG TCOG liver/body partition coefficient

kAS TCE Stomach absorption coefficient (/hr)

kTSD TCE Stomach-duodenum transfer coefficient (/hr)
kAD TCE Duodenum absorption coefficient (/hr)

kTD TCE Duodenum-feces transfer coefficient (/hr)
kASTCA TCA Stomach absorption coefficient (/hr)
kASTCOH TCOH Stomach absorption coefficient (/hr)
VMax VMax for hepatic TCE oxidation (mg/hr)

KM KM for hepatic TCE oxidation (mg/L)

FracOther Fraction of hepatic TCE oxidation not to TCA+TCOH
FracTCA Fraction of hepatic TCE oxidation to TCA
VMaxDCVG VMax for hepatic TCE GSH conjugation (mg/hr)

KMDCVG KM for hepatic TCE GSH conjugation (mg/L)
VMaxKidDCVG VMax for renal TCE GSH conjugation (mg/hr)

KMKidDCVG KM for renal TCE GSH conjugation (mg/L)
VMaxClara VMax for Tracheo-bronchial TCE oxidation (mg/hr)
KMClara KM for Tracheo-bronchial TCE oxidation (mg/L)
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FracLungSys

VMaxTCOH
KMTCOH
VMaxGluc
KMGluc
kMetTCOH
kUrnTCA
kMetTCA
kBile
kEHR
kUrnTCOG
kDCVG

VMax

VMax

Rate

Rate

FracKidDCVC

VDCVG

kNAT
kKidBioact
Rodents
VCh

kLoss

Parameters used (not assigned here)

BW
Species
Male

cc

Sampling/scaling parameters

1nQcCC
1nVPRC
1nDRespC
QFatC
QGutcC
QLivC
QslwC
QKidC
FracPlasC
VFatC
VGutC
VLivC
VRapC
VRespLumC
VRespEffC
VKidC
vBldC
1nPBC
InPFatC
1InPGutC
1nPLivC
1nPRapC
1nPS1lwC
1nPRespC
1nPKidC
1InPRBCPlas
1nPBodTCAC

TCAC

Fraction of respiratory metabolism to systemic circ.

for hepatic
KM for
for hepatic
KM for

TCOH->TCA (mg/hr)
hepatic TCOH->TCA (mg/L)
TCOH->TCOG (mg/hr)
hepatic TCOH->TCOG (mg/L)

constant for hepatic TCOH->other (/hr)
Rate constant for TCA plasma->urine (/hr)
Rate constant for hepatic TCA->other (/hr)
Rate constant for TCOG liver->bile (/hr)

Lumped

rate constant for TCOG bile->TCOH liver (/hr)

constant for TCOG->urine (/hr)
Rate constant for hepatic DCVG->DCVC (/hr)
Fraction of renal TCE GSH conj. "directly" to DCVC

(i.e.,

via first pass)

DCVG effective volume of distribution

Lumped

rate constant for DCVC->Urinary NAcDCVC (/hr)

Rate constant for DCVC bioactivation (/hr)

Number

of rodents in closed chamber data

Chamber volume for closed chamber data

Rate constant for closed chamber air loss

Body weight in kg

1 = human (default), 2 = rat, 3 = mouse
0 = female, 1 (default) = male
Closed chamber initial concentration

(assigned or sampled)

=

# Notes:

B S

InPLivTCAC
InkDissocC
1nBMaxkDC
1nPBodTCOHC
1nPLivTCOHC
1nPBodTCOGC
InPLivTCOGC
1InPeffDCVG
1nkTSD

1nkAS

1nkTD

1nkAD
1nkASTCA
1nkASTCOH
1nVMaxC

1nKMC

InClC
InFracOtherC
InFracTCAC
1nVMaxDCVGC
1nC1DCVGC
1nKMDCVGC
1nVMaxKidDCVGC
1nClKidDCVGC
1nKMKidDCVGC
1nVMaxLungLivC
1nKMClara
InFracLungSysC
1nVMaxTCOHC
1InC1TCOHC
1nKMTCOH
1nVMaxGlucC
1nClGlucC
1nKMGluc
1nkMetTCOHC
1InkUrnTCAC
1nkMetTCAC
InkBileC
InkEHRC
1InkUrnTCOGC
InFracKidDCVCC
1nkDCVGC
1nkNATC
InkKidBioactC
NRodents

VChC

InkLossC

Input parameters

none

# use measured value of > 0,
# 0.3 for rat,

otherwise use 0.03 for mouse,

60 for female human, 70 for male human
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(Male == 0 ? 60.0

BW = (BWmeas > 0.0 ? BWmeas
70.0) )))i

(Species == 3 ? 0.03 (Species == 2 ? 0.3

BW75 = pow (BW, 0.75);
BW25 = pow (BW, 0.25);

# Cardiac Output and alveolar ventilation (L/hr)

B T T T HE S S

QC = exp(1lnQCC) * BW75 * # Mouse, Rat, Human (default)
(Species == 3 ? 11.6 (Species == 2 ? 13.3 : 16.0 ));
# Mouse: C0=13.98 +/- 2.85 ml/min, BW=30 g (Brown et al. 1997, Tab. 22)

# Uncertainty CV is 0.20

# Rat: CO0=110.4 ml/min +/- 15.6, BW=396 g (Brown et al. 1997, Tab. 22,

# p 441). Uncertainty CV is 0.14.

# Human: Average of Male C0=6.5 1/min, BW=73 kg

# and female CO= 5.9 1/min, BW=60 kg (ICRP #89, sitting at rest)
4+ From Price et al. 2003, estimates of human perfusion rate were
# 4.7~6.5 for females and 5.5~7.1 1/min for males (note

# portal blood was double-counted, and subtracted off here)

# Thus for uncertainty use CV of 0.2, truncated at 4xCV

# Variability from Price et al. (2003) had CV of 0.14~0.20,

# so use 0.2 as central estimate

VPR = exp (1nVPRC) *

(Species == 3 ? 2.5 (Species == 2 2?2 1.9 : 0.96 ));

# Mouse: QP/BW=116.5 ml/min/100 g (Brown et al. 1997, Tab. 31), VPR=2.5
Assume uncertainty CV of 0.2 similar to QC, truncated at 4xCV
Consistent with range of QP in Tab. 31

Rat: QP/BW=52.9 ml/min/100 g (Brown et al. 1997, Tab. 31), VPR=1.9
Assume uncertainty CV of 0.3 similar to QC, truncated at 4xCV
Used larger CV because Tab. 31 shows a very large range of QP

Human: Average of Male VE=9 1/min, resp. rate=12 /min,
dead space=0.15 1 (QP=7.2 1/min), and Female
VE=6.5 1/min, resp. rate=14 /min, dead space=0.12 1
(QP=4.8 1/min), VPR = 0.96

Assume uncertainty CV of 0.2 similar to QC, truncated at 4xCV

B T e I S S S S

Consistent with range of QP in Tab. 31
QPsamp = QC*VPR;

Respiratory diffusion flow rate

Will be scaled by QP in dynamics

Use log-uniform distribution from le-5 to 10
DResptmp = exp (1nDRespC) ;

Fractional Flows scaled to the appropriate species

Mouse

Adipose only

GI tract + pancreas + spleen (all drain to portal vein)

Liver, hepatic artery

Muscle + Skin

Kidney

Rapidly perfused (rest of organs, plus bone marrow, lymph, etc.),

derived by difference in dynamics

and rat data from Brown et al. (1997).
ICRP-89 (2002), and is sex-specific.

Human data from

QFatCtmp = QFatC*

(Species == 3 ? 0.07 (Species == 2 2 0.07 (Male == 0 ? 0.085
))i

QGutCtmp = QGutC*

(Species == 3 ? 0.141 (Species == 2 ? 0.153 (Male == 0 ? 0.21
)) i

QLivCtmp = QLivC*

(Species 3?2 0.02 (Species == 2 ? 0.021 0.065 ));

QSlwCtmp = QS1wC*

(Species == 3 ? 0.217 (Species == 2 ? 0.336 (Male == 0 ? 0.17
)) i

QKidCtmp = QKidC*

(Species == 3 ? 0.091 (Species == 2 ? 0.141 (Male ==

0.17 : 0.19) ));
# Plasma Flows to Tissues (L/hr)
## Mice and rats from Hejtmancik et al. 2002,
## control F344 rats and B6C3Fl mice at 19 weeks of age
## However, there appear to be significant strain differences in rodents, so
#4# assume uncertainty CV=0.2 and variability CV=0.2.
## Human central estimate from ICRP. Well measured in humans, from Price et
#4 human SD in hematocrit was 0.029 in females, 0.027 in males,
## corresponding to FracPlas CV of 0.047 in females and
## 0.048 in males. Use rounded CV = 0.05 for both uncertainty and

variability
## Use measured l-hematocrit if available

## Truncate distributions at 3xCV to encompass clinical "normal range"

0.05)

0.19)

0.22)

FracPlas = (Hematocritmeas > 0.0 ? (l-Hematocritmeas) (FracPlasC *

(Species == 3 ? 0.52 (Species == 2 ? 0.53 (Male == 0 ? 0.615
0.567)))))
# Tissue Volumes (L)
# Fat = Adipose only
# Gut = GI tract (not contents) + pancreas + spleen (all drain to portal vein)
# Liv = Liver
# Rap = Brain + Heart + (Lungs-TB) + Bone marrow + "Rest of the body"
# VResp = Tracheobroncial region (tracheat+broncial basal+
# broncial secretoryt+bronchiolar)
# Kid = Kidney
# Bld = Blood
# Slw = Muscle + Skin, derived by difference
# residual (assumed unperfused) = (Bone-Marrow)+GI contents+other
#
# Mouse and rat data from Brown et al. (1997). Human data from
# ICRP-89 (2002), and is sex-specific.

VFat = BW * (VFatCmeas > 0.0 ? VFatCmeas (VFatC * (Species == 3 ? 0.07
(Species == 2 ? 0.07 (Male == 0 ? 0.317 0.199) ))))
VGut = VGutC * BW *
(Species == 3 ? 0.049 (Species == 2 ? 0.032 (Male == 0 ? 0.022

0.020) ));
VLiv = VLivC * BW *
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o

(Species == 3 ? 0.055 (Species == 2 ? 0.034 (Male == 0 ?
.025) ));
VRap = VRapC * BW *
(Species == 3 ? 0.100 (Species == 2 ? 0.088 (Male == 0 ?
.088) )i
VRespLum = VRespLumC * BW *
(Species == 3 ? (0.00014/0.03) (Species == 2 ? (0.0014/0.3
)); # Lumenal volumes from Styrene model (Sarangapani et al. 2002)
VRespEfftmp = VRespEffC * BW *
(Species == 3 ? 0.0007 (Species == 2 ? 0.0005 0.00018 ));
# Respiratory tract volume is TB region
# will be multiplied by partition coef. below
VKid = VKidC * BW *
(Species == 3 ? 0.017 (Species == 2 ? 0.007 (Male == 0 ?
.0043) ));
VBld = VB1ldC * BW *
(Species == 3 ? 0.049 (Species == 2 ? 0.074 : (Male == 0 ?
L077) )
VSlw = (Species == 3 ? 0.8897 (Species == 2 ? 0.8995 : (Male
.85778 : 0.856))) * BW

o

B

- VFat - VGut - VLiv - VRap - VRespEfftmp - VKid -
Slowly perfused:
Baseline mouse: 0.8897-0.049-0.017-0.0007-0.1-0.055-0.049-0.07= 0.54
Baseline rat: 0.8995 -0.074-0.007-0.0005-0.088-0.034-0.032-0.07= 0.5
Baseline human F: 0.85778-0.068-0.0046-0.00018-0.093-0.023-0.022-0.3
Baseline human M: 0.856-0.077-0.0043-0.00018-0.088-0.025-0.02-0.199=

VPlas = FracPlas * VBld;
VBod = VFat + VGut + VRap + VRespEfftmp + VKid + VSlw; # For

VBodTCOH = VBod + VBld; # for TCOH and TCOG -- body wi

Partition coefficients

PB = (PBmeas > 0.0 ? PBmeas (exp (1nPBC) * (Species == 3 ? 15.
?22. : 9.5)))); # Blood-air
# Mice: pooling Abbas and Fisher 1997, Fisher et al. 1991
# each a single measurement, with overall CV = 0.07.
# Given small number of measurements, and variabilit
4+ in rat, use CV of 0.25 for uncertainty and variabi

# Rats: pooling Sato et al. 1977, Gargas et al. 1989

Barton et al. 1995, Simmons et al. 2002, Koizumi 1
Fisher et al. 1989. Fisher et al. measurement sub
smaller than others (15 vs. 21~26). Recent articl

by Rodriguez et al. 2007 shows significant change
age (13.1 at PND10, 17.5 at adult, 21.8 at aged),
to favor lower values than previously reported. T
use CV = 0.25 for uncertainty and variability.
Humans: pooling Sato and Nakajima 1979, Sato et al. 1977,
Gargas et al. 1989, Fiserova-Bergerova et al. 1984
Fisher et al. 1998, Koizumi 1989
Overall variability CV = 0.185. Consistent with
within study inter-individual variability CV = 0.0
Study-to-study, sex-specific means range 8.1~11, s

S oS S s 9 W W W W W W W

uncertainty CV = 0.2.

0.023

0.093

) : (0.167/70)

0.0046

VB1d;

9
94
17= 0.33
0.4425

TCA
thout liver

(Species ==

y
lity.

989,
stantially
e

with

also seems
herefore

’

7~0.22.
o

PFat = exp(lnPFatC) *

PGut = exp(lnPGutC) *

PLiv = exp(lnPLivC) *

PRap = exp(lnPRapC) *

# Fat/blood
(Species == 2 ? 27. : 67. ));
Mice: Abbas and Fisher 1997. Single measurement. Use

(Species == 3 ? 36.

rat uncertainty of CV = 0.3.

Rats: Pooling Barton et al. 1995, Sato et al. 1977,
Fisher et al. 1989. Recent article by Rodriguez et al.
(2007) shows higher value of 36., so assume uncertainty
CvV of 0.3.

Humans: Pooling Fiserova-Bergerova et al. 1984, Fisher et al. 1998
Sato et al. 1977. Variability in Fat:Air has CV = 0.07.
For uncertainty, dominated by PB uncertainty CV = 0.2
For variability, add CVs in quadrature for
sqrt (0.0772+0.185%2)=0.20

# Gut/blood

(Species == 2 ? 1.4 : 2.6 ));

Mice: Geometric mean of liver, kidney

W% H W W W o oW W W

(Species == 3 ? 1.9

= %

Rats: Geometric mean of liver, kidney
Humans: Geometric mean of liver, kidney

= W

Uncertainty of CV = 0.4 due to tissue extrapolation
# Liver/blood
(Species == 2 ? 1.5 : 4.1 ));
Mice: Fisher et al. 1991, single datum, so assumed uncert CV = 0.4
Rats: Pooling Barton et al. 1995, Sato et al. 1977,
Fisher et al. 1989, with little variation (range 1.3~1.7).
Recent article by Rodriguez et al.reports 1.34. Use

(Species == 3 ? 1.7

uncertainty CV = 0.15.

Humans: Pooling Fiserova-Bergerova et al. 1984, Fisher et al. 1998
almost 2-fold difference in Liver:Air values, so uncertain
Cv = 0.4

B T T I

# Rapidly perfused/blood

(Species == 3 ? 1.9 (Species == 2 ? 1.3 : 2.6 ));
# Mice: Similar to liver, kidney. Uncertainty CV = 0.4 due to
# tissue extrapolation
# Rats: Use brain values Sato et al. 1977. Recent article by
# Rodriguez et al. (2007) reports 0.99 for brain. Uncertain
# CV of 0.4 due to tissue extrapolation.
# Humans: Use brain from Fiserova-Bergerova et al. 1984
# Uncertainty of CV = 0.4 due to tissue extrapolation
PResp = exp (lnPRespC) * # Resp/blood =
(Species == 3 ? 2.6 (Species == 2 2 1.0 : 1.3 ));

# Mice: Abbas and Fisher 1997, single datum, so assumed uncert CV =
# Rats: Sato et al. 1977, single datum, so assumed uncert CV = 0.4

# Humans: Pooling Fiserova-Bergerova et al. 1984, Fisher et al. 1998
# > 2-fold difference in lung:air values, so uncertainty

# cv = 0.4

VRespEff = VRespEfftmp * PResp * PB; # Effective air volume
PKid = exp(1lnPKidC) *

# Slowly perfused/blood
(Species == 2 ? 1.3 : 1.6 ));

# Mice: Abbas and Fisher 1997, single datum, so assumed uncert CV =

(Species == 3 ? 2.1

’

ty

ty

0.4

0.4

# Rats: Pooling Barton et al. 1995, Sato et al. 1977. Recent article

# by Rodriguez et al. (2007) reports 1.01, so use uncertaint
# CV of 0.3. Pooled variability CV = 0.39.
# Humans: Pooling Fiserova-Bergerova et al. 1984, Fisher et al. 1998

y
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# For uncertainty, dominated by PB uncertainty CV = 0.2

# Variability in kidney:air CV = 0.23, so add to PB variability # Binding Parameters for TCA
# in quadrature sqrt (0.2372+40.18572)=0.30 # GM of Lumpkin et al. 2003; Schultz et al. 1999;
PSlw = exp(1lnPS1lwC) * # Slowly perfused/blood # Templin et al. 1993, 1995; Yu et al. 2000
(Species == 3 ? 2.4 : (Species == 2 ? 0.58 : 2.1 )); # Protein/TCA dissociation constant (umole/L)
# Mice: Muscle - Abbas and Fisher 1997, single datum, so assumed # note - GSD = 3.29, 1.84, and 1.062 for mouse, rat, human
# uncert CV = 0.4 kDissoc = exp(lnkDissocC) *
# Rats: Pooling Barton et al. 1995, Sato et al. 1977, (Species == 3 ? 107. : (Species == 2 ? 275. : 182. ));
# Fisher et al. 1989. Recent article by Rodriguez et al. (2007) # BMax = NSites * Protein concentration. Sampled parameter is
# reported 0.72, so use uncertainty CV of 0.25. Variability # BMax/kD (determines binding at low concentrations
4+ in Muscle:air and muscle:blood ~ CV = 0.3 4+ note - GSD = 1.64, 1.60, 1.20 for mouse, rat, human
# Humans: Pooling Fiserova-Bergerova et al. 1984, Fisher et al. 1998 BMax = kDissoc * exp (1lnBMaxkDC) *
# Range of values 1.4~2.4, so uncertainty CV = 0.3 (Species == 3 ? 0.88 : (Species == 2 ? 1.22 : 4.62 ));
# Variability in muscle:air CV = 0.3, so add to PB variability
# in quadrature sqrt(0.372+0.185%2)=0.35 # TCOH partitioning
# Data from Abbas and Fisher 1997 (mouse) and Fisher et al.
# TCA partitioning # 1998 (human). For rat, used mouse values.
TCAPlas = FracPlas + (1 - FracPlas) * 0.5 * exp(1lnPRBCPlasTCAC) ; # Uncertainty in mice, humans GSD = 1.4
# Blood/Plasma concentration ratio. Note dependence # For rats, GSD = 2.0, based on difference between mice
# on fraction of blood that is plasma. Here # and humans.
4+ exp (InPRBCPlasTCA) = partition coefficient
4+ C(blood minus plasma)/C (plasma) PBodTCOH = exp (1nPBodTCOHC) *
# Default of 0.5, corresponding to Blood/Plasma (Species == 3 ? 1.11 : (Species == 2 ? 1.11 : 0.91 ));
# concentration ratio of 0.76 in PLivTCOH = exp (1nPLivTCOHC)
# rats (Schultz et al 1999) (Species == 3 ? 1.3 : (Species == 2 ? 1.3 : 0.59 ));
# For rats, Normal uncertainty with GSD = 1.4
# For mice and humans, diffuse prior uncertainty of # TCOG partitioning
# 100-fold up/down # Use TCOH as a proxy, but uncertainty much greater
PBodTCA = TCAPlas * exp (1lnPBodTCAC) * # (e.g., use uniform prior, 100-fold up/down)
(Species == 3 ? 0.88 : (Species == 2 ? 0.88 : 0.52 )); PBodTCOG = exp (1nPBodTCOGC) *
# Note -- these were done at 10~20 microg/ml (Abbas and Fisher 1997), (Species == 3 ? 1.11 : (Species == 2 ? 1.11 : 0.91 ));
4+ which is 1.635-3.27 mmol/ml (1.635-3.27 x 1076 microM) . PLivTCOG = exp (1nPLivTCOGC) *
4+ At this high concentration, plasma binding should be (Species == 3 ? 1.3 : (Species == 2 ? 1.3 : 0.59 ));
# saturated -- e.g., plasma albumin concentration was
# measured to be P=190-239 microM in mouse, rat, and human # DCVG distribution volume
# plasma by Lumpkin et al. 2003, or > 6800 molecules of # exp(1lnPeffDCVG) 1is the effective partition coefficient for
# TCA per molecule of albumin. So the measured partition # the "body" (non-blood) compartment
# coefficients should reflect free blood-tissue partitioning. # Diffuse prior distribution: loguniform le-3 to 1le3
# Used muscle values, multiplied by blood:plasma ratio to get VDCVG = VB1ld + # blood plus body (with "effective" PC)
# Body:Plasma partition coefficient exp (1lnPeffDCVG) * (VBod + VLiv);
# Rats = mice from Abbas and Fisher 1997
# Humans from Fisher et al. 1998 # Absorption Rate Constants (/hr)
4+ Uncertainty in mice, humans GSD 1.4 # All priors are diffuse (log)uniform distributions
# For rats, GSD = 2.0, based on difference between mice # transfer from stomach centered on 1.4/hr, range up or down 100-fold,
and humans. # based on human stomach half-time of 0.5 hr.
PLivTCA = TCAPlas * exp (1lnPLivTCAC) * kTSD = exp (1nkTSD);
(Species == 3 ? 1.18 : (Species == 2 ? 1.18 : 0.66 )); # stomach absorption centered on 1.4/hr, range up or down 1000-fold
# Multiplied by blood:plasma ratio to get Liver:Plasma kAS exp (1nkAS) ;
# Rats = mice from Abbas and Fisher 1997 # assume no fecal excretion -- 100% absorption
# Humans from Fisher et al. 1998 kTD 0.0 * exp(1lnkTD);
# Uncertainty in mice, humans GSD = 1.4 # intestinal absorption centered on 0.75/hr, range up or down
# For rats, GSD = 2.0, based on difference between mice # 1000-fold, based on human transit time of small intestine
# and humans. # of 4 hr (95% throughput in 4 hr
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For

kAD = exp (1nkAD) ;
kASTCA = exp (1nkASTCA) ;
kASTCOH = exp (1nkASTCOH) ;

Oxidative Metabolism Constants
rodents, in vitro microsomal data define priors (pooled).
human, combined in vitro microsomoal+hepatocellular individual data
define priors.
data from Elfarra et al. 1998; Lipscomb et al. 1997, 1998a,b
VMax, scaling from in vitro data were (Barter et al. 2007):
32 mg microsomal protein/g liver
99 x le6 hepatocytes/g liver
Here, human data assumed representative of mouse and rats.
KM, two different scaling methods were used for microsomes:
Assume microsomal concentration = liver concentration, and
use central estimate of liver:blood PC (see above)
Use measured microsome:air partition coefficient (1.78) and
central estimate of blood:air PC (see above)
human KM from hepatocytes, used measured human hepatocyte:air
partition coefficient (21.62, Lipscomb et al. 1998), and
central estimate of blood:air PC.
Note that to that the hepatocyte:air PC is similar to that
found in liver homogenates (human: 29.4+/-5.1 from Fiserova-
Bergerova et al. 1984, and 54 for Fisher et al. 1998; rat:
27.2+/-3.4 from Gargas et al. 1989, 62.7 from Koisumi 1989
43.6 from Sato et al. 1977; mouse: 23.2 from Fisher et al. 1991).
humans, sampled parameters are VMax and ClC (VMax/KM), due to
improved convergence. VMax is kept as a parameter because it
appears less uncertain (i.e., more consistent across microsomal

and hepatocyte data) .

# Central estimate of VMax is 342, 76.2, and 32.3 (micromol/min/

4+ kg liver) for mouse, rat, human. Converting to /hr by
# * (60 min/hr * 0.1314 mg/micromol) gives
# 2700, 600, and 255 mg/hr/kg liver

# Observed variability of about 2-fold GSD. Assume 2-fold GSD for
# both uncertainty and variability

VMax = VLiv*exp (1nVMaxC) *
(Species == 3 ? 2700. (Species == 2 ? 600. 255.));

# For mouse and rat central estimates for KM are 0.068~1.088 and

# 0.039~0.679 mmol/1l in blood, depending on the scaling

# method used. Taking the geometric mean, and converting

# to mg/l by 131.4 mg/mmol gives 36. and 21. mg/l in blood.

# For human, central estimate

# for Cl are 0.306~3.95 1/min/kg liver. Taking the geometric

# mean and converting to /hr gives a central estimate of

#

#

#

#

#

#

66. 1/hr/kg.

KM is then derived from KM = VMax/(Cl*V1iv) (central estimate

of

Note uncertainty due to scaling is about 4-fold.
Variability is about 3-fold in mice, 1.3-fold in rats, and
2- to 4- fold in humans (depending on scaling).

KM = (Species == 3 ? 36.%*exp (1nKMC) (Species == 2 ? 21.*exp (1nKMC)
VMax/ (VLiv*66.*exp (1nC1C)))) ;
# Oxidative metabolism splits
# Fractional split of TCE to DCA
# exp(lnFracOtherC) = ratio of DCA to non-DCA

O T T T T T T T T I e e T T T

# Diffuse prior distribution: loguniform le-4 to le2

FracOther = exp(lnFracOtherC)/(l+exp (1lnFracOtherC)) ;

# Fractional split of TCE to TCA

# exp(lnFracTCAC) = ratio of TCA to TCOH

# TCA/TCOH = 0.1 from Lipscomb et al. 1998 using fresh hepatocytes,

# but TCA/TCOH ~ 1 from Bronley-DelLancey et al 2006

# GM = 0.32, GSD = 3.2

FracTCA = 0.32*exp (1nFracTCAC) * (1-FracOther) / (1+0.32*exp (1nFracTCAC)) ;

TCE GSH Metabolism Constants
Human in vitro data from Lash et al. 1999, define human priors.
VMax (nmol/min/ KM (mM) CLeff (ml/min/
g tissue) g tissue)
[high affinity pathway only] [totall]
Human liver cytosol: ~423 0.0055~0.023 21.2~87.0
Human liver cytosol+ ~211 - -
microsomes
[total] [total] [total]
Human hepatocytes* 12~30%** 0.012~0.039*** 0.2~0.5****
Human kidney cytosol: 81 0.0164~0.0263 3.08~4.93

Overall,

For the

* estimated visually from Fig 1, Lash et al. 1999
** Fig 1A, data from 50~500 ppm headspace at 60 min
and Fig 1B, data at 100~5000 ppm in headspace for 120 min
*** Fig 1B, 30~100 ppm headspace, converted to blood concentration
using blood:air PC of 9.5
***x Fig 1A, data at 50 ppm headspace at 120 min and Fig 1B, data at
25 and 50 ppm headspace at 120 min.
human liver hepatocytes are probably most like the
intact liver (e.g., accounting for the competition between
GSH conjugation and oxidation). So central estimates based
on those: CLeff ~ 0.32 ml/min/g tissue, KM ~ 0.022 mM in blood.
CLeff converted to 19 1/hr/kg; KM converted to 2.9 mg/l in blood
However, uncertainty in CLeff is large (values in cytosol
~100-fold larger).
DCVG formation in cytosol that was ~30,000-fold smaller
than Lash et al. (1998) in cytosol, which would be a VMax
~300-fold smaller than Lash et al. (1998) in hepatocytes.
Uncertainty in KM appears smaller (~4-fold)
CLC: GM = 19., GSD = 100; KM: GM = 2.9., GSD = 4.
In addition, at a single concentration, the variability

Moreover, Green et al. 1997 reported

in human liver cytosol samples had a GSD=1.3.

human kidney, the kidney cytosol values are used, with the same
uncertainty as for the liver. Note that the DCVG formation rates
in rat kidney cortical cells and rat cytosol are quite similar
(see below).

CLC: GM = 230., GSD = 100; KM: GM = 2.7., GSD = 4.
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Rat and mouse in vitro data from Lash et al. 1995,1998 define rat and mouse
priors. However, rats and mice are only assayed at 1 and 2 mM
providing only a bound on VMax and very little data on KM.

Rate at 2 mM Equivalent CLeff
blood conc. at 2 mM
(nmol/min/ (mM) (ml/min/

g tissue) g tissue)

4.4~16 2.0
8.0~12 1.7~2.0
0.79~1.1 2.2

Rat hepatocytes: 0.0022~0.0079
0.0040~0.0072

0.00036~0.00049

0.00027~0.00068

.1~2.0 0.018~0.036

.91~2.0 0.0031~0.0102

liver cytosol:

kidney cells:

kidney cytosol: 0.53~0.75 1.1~2.0
Mouse liver cytosol: 36~40

kidney cytosol: 6.2~9.3

o =

In most cases, rates were increased over the same sex/species at 1 mM,
indicating VMax has not yet been reached. The values between cells
and cytosol are more much consistent that in the human data.

These data therefore put a lower bound on VMax and a lower bound

on CLC. To account for in vitro-in vivo uncertainty, the lower

#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
# bound of the prior distribution is set 100-fold below the central
4+ estimate of the measurements here. In addition, Green et al.
# (1997) found values 100-fold smaller than Lash et al. 1995, 1998.
# Therefore diffuse prior distributions set to le-2~le4.
# Rat liver: Bound on VMax of 4.4~16, with GM of 8.4. Converting to
# mg/hr/kg tissue (* 131.4 ng/nmol * 60 min/hr * le3 g/kg / le6 mg/ng)
# gives a central estimate of 66. mg/hr/kg tissue. Bound on CL of
# 0.0022~0.0079, with GM of 0.0042. Converting to 1/hr/kg tissue
# (* 60 min/hr) gives 0.25 1/hr/kg tissue.
# Rat kidney: Bound on VMax of 0.53~1.1, with GM of 0.76. Converting
# to mg/hr/kg tissue gives a central estimate of 6.0 mg/hr/kg.
4+ Bound on CL of 0.00027~0.00068, with GM of 0.00043. Converting
# to 1/hr/kg tissue gives 0.026 1/hr/kg tissue.
# Mouse liver: Bound on VMax of 36~40, with GM of 38. Converting
# to mg/hr/kg tissue gives a central estimate of 300. mg/hr/kg.
# Bound on CL of 0.018~0.036, with GM of 0.025. Converting
# to 1/hr/kg tissue gives 1.53 1/hr/kg tissue.
# Mouse kidney: Bound on VMax of 6.2~9.3, with GM of 7.6. Converting
# to mg/hr/kg tissue gives a central estimate of 60. mg/hr/kg.
# Bound on CL of 0.0031~0.0102, with GM of 0.0056. Converting
# to 1/hr/kg tissue gives 0.34 1/hr/kg tissue.
VMaxDCVG = VLiv* (Species == 3 ? (300.*exp (1nVMaxDCVGC))
(66.*exp (1nVMaxDCVGC) ) (2.9*19.*exp (1nC1DCVGC+1nKMDCVGC))) ) 7
KMDCVG = (Species == 3 ? (VMaxDCVG/ (VLiv*1.53*exp (1nC1DCVGC)))
2 ? (VMaxDCVG/ (VLiv*0.25*exp (1nC1DCVGC))) : 2.9*exp (1nKMDCVGC))) ;
VMaxKidDCVG = VKid* (Species == 3 ? (60.*exp(1lnVMaxKidDCVGC)) : (Species ==
2 ? (6.0%*exp (1nVMaxKidDCVGC)) (2.7*%230.*exp (1nC1KidDCVGC+1nKMKidDCVGC) ) )) ;
KMKidDCVG = (Species == 3 ? (VMaxKidDCVG/ (VKid*0.34*exp (1nC1KidDCVGC)))
(Species == 2 ? (VMaxKidDCVG/ (VKid*0.026*exp (1nC1KidDCVGC)))
2.7*exp (1nKMKidDCVGC))) ;

(Species == 2 ?

(Species ==

# TCE Metabolism Constants for Chloral Kinetics in Lung (mg/hr)

Scaled to liver VMax using data from Green et al. (1997)
in microsomal preparations (nmol/min/mg protein) at ~1 mM.
For humans, used detection limit of 0.03
Additional scaling by lung/liver weight ratio
from Brown et al. Table 21 (mouse and rat) or
ICRP Pub 89 Table 2.8 (Human female and male)
Uncertainty ~ 3-fold truncated at 3 GSD
VMaxClara = exp (lnVMaxLungLivC) * VMax *
(Species == 3 ? (1.03/1.87*0.7/5.5): (Species == 2 ?
(0.08/0.82*%0.5/3.4):(0.03/0.33*(Male == 0 ? (0.42/1.4) (0.5/1.8)))));
KMClara = exp(lnKMClara);
# Fraction of Respiratory Metabolism that goes to system circulation

A

# (translocated to the liver)
FracLungSys = exp (lnFracLungSysC)/ (1 + exp(lnFracLungSysC));

# TCOH Metabolism Constants (mg/hr)
# No in vitro data. So use diffuse priors of
# le-4 to le4 mg/hr/kg”0.75 for VMax
(4e-5 to 4000 mg/hr for rat),
le-4 to le4 mg/l for KM,
and le-5 to le3 1/hr/kg”0.75 for Cl
(2e-4 to 2.4e4 1/hr for human)

oW W W

VMaxTCOH = BW75*
(Species == 3 ? (exp(lnVMaxTCOHC)) : (Species == 2 ?
(exp (1nVMaxTCOHC) ) (exp (1nC1TCOHC+1nKMTCOH)))) ;
KMTCOH = exp (1nKMTCOH) ;
VMaxGluc = BW75%*
(Species == 3 ? (exp(lnVMaxGlucC))
(exp (1lnVMaxGlucC)) (exp (1nC1lGlucC+1lnKMGluc)))) ;
KMGluc = exp (1nKMGluc) ;

(Species == 2 ?

# No in vitro data. So use diffuse priors of
4+ le-5 to le3 kg"0.25/hr (3.5e-6/hr to 3.5e2/hr for human)
kMetTCOH = exp (1lnkMetTCOHC) / BW25;

# TCA kinetic parameters
# Central estimate based on GFR clearance per unit body weight

# 10.0, 8.7, 1.8 ml/min/kg for mouse, rat, human
# (= 0.6, 0.522, 0.108 1/hr/kg) from Lin 1995.
# = CL_GFR / BW (BW=0.02 for mouse, 0.265 for rat, 70 for human)
# kUrn = CL_GFR / VPlas
# Diffuse prior with uncertainty of up,down 100-fold
kUrnTCA = exp (1nkUrnTCAC) * BW / VPlas *
(Species == 3 ? 0.6 : (Species == 2 ? 0.522 : 0.108));
# No in vitro data. So use diffuse priors of
# le-4 to le2 /hr/kg”0.25 (0.3/hr to 35/hr for human)

kMetTCA = exp (1nkMetTCAC) / BW25;

# TCOG kinetic parameters
# No in vitro data. So use diffuse priors of
# le-4 to le2 /hr/kg”0.25 (0.3/hr to 35/hr for human)
kBile = exp(lnkBileC) / BW25;
kEHR = exp (1InkEHRC) / BW25;
# Central estimate based on GFR clearance per unit body weight
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# 10.0, 8.7, 1.8 ml/min/kg for mouse, rat, human # Other State Variables and Global Parameters:
# (= 0.6, 0.522, 0.108 1/hr/kg) from Lin 1995. # Qc
# = CL_GFR / BW (BW=0.02 for mouse, 0.265 for rat, 70 for human) # VPR
# kUrn = CL_GFR / VBld # DResptmp
# Diffuse prior with Uncertainty of up,down 1000-fold # QPsamp
kUrnTCOG = exp (1nkUrnTCOGC) * BW / (VBodTCOH * PBodTCOG) * # QFatCtmp
(Species == 3 ? 0.6 : (Species == 2 ? 0.522 : 0.108)); # QGutCtmp
# QLivCtmp
# DCVG Kinetics (/hr) # QS1lwCtmp
# Fraction of renal TCE GSH conj. "directly" to DCVC via "first pass" # QKidCtmp
# exp(lnFracOtherCC) = ratio of direct/non-direct 4+ FracPlas
# Diffuse prior distribution: loguniform le-3 to le3 # Temporary variables used:
# FIXED in v1.2.3 # none
# In ".in" files, set to 1, so that all kidney GSH conjugation # Temporary variables assigned:
# 1s assumed to directly produce DCVC (model lacks identifiability # QP
# otherwise). 4+ DResp
FracKidDCVC = exp (1lnFracKidDCVCC) /(1 + exp(lnFracKidDCVCC)) ; # QCnow
# No in vitro data. So use diffuse priors of # QFat
# le-4 to le2 /hr/kg”0.25 (0.3/hr to 35/hr for human) # QGut
kDCVG = exp (1nkDCVGC) / BW25; # QLiv
# QSlw
# DCVC Kinetics in Kidney (/hr) 4+ QKid
# No in vitro data. So use diffuse priors of # QGutLiv
# le-4 to le2 /hr/kg”0.25 (0.3/hr to 35/hr for human) # QRap
kNAT = exp (1nkNATC) / BW25; # QCPlas
kKidBiocact = exp(lnkKidBiocactC) / BW25; # QBodPlas
4+ QGutLivPlas
# CC data initialization # Notes:
Rodents = (CC > 0 ? NRodents : O'O); # Closed chamber Simulation #******************************************************************************
VCh = (CC > 0 ? VChC - (Rodents * BW) : 1.0);
# Calculate net chamber volume # QP uses QPmeas if value is > 0, otherwise uses sampled value
kLoss = (CC > 0 ? exp(lnkLossC) : 0.0); QP = (QPmeas > 0 ? QPmeas : QPsamp);

DResp = DResptmp * QP;
#******************************************************************************

Frorx State Variable Initialization and Scaling il # QCnow uses QPmeas/VPR if QPmeas > 0, otherwise uses sampled value

B QOCnow = (QPmeas > 0 ? QPmeas/VPR : QC);

# NOTE: All State Variables are automatically set to 0 initially,

# unless re-initialized here # These done here in dynamics in case QCnow changes
# Blood Flows to Tissues (L/hr)
ACh = (CC * VCh * MWICE) / 24450.0; # Initial amount in chamber QFat = (QFatCtmp) * QCnow; #
QGut = (QGutCtmp) * QCnow; #
}; QLiv = (QLivCtmp) * QCnow; #
FhEHHE A4 E444 End of Initialization #####4#44444H440411E4S 0Slw = (QS1lwCtmp) * QCnow; #
Dynamics { QKid = (QKidCtmp) * QCnow; #
QGutLiv = QGut + QLiv; #

Kk ok Kk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok K ok ok ok Kk ok ok o Kk ok ok ok Kk ok ok ok Kk ok ok ok KK ok ok ok kK ok ok o Kk QRap = QCnow - QFat - QGut - QLiv - QSlw - QKid;
FrAx Dynamic physiological parameter scaling *xE QRapCtmp = QRap/QCnow; # (vrisk)
#****************************************************************************** QBOd = QCHOW — QGUtLiV;

# State Variables with dynamics:

# none # Plasma Flows to Tissues (L/hr)
# Input Variables: QCPlas = FracPlas * QCnow; #
# QPmeas QBodPlas = FracPlas * QBod; #
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QGutLivPlas = FracPlas * QGutLiv; #

B

Frxx Exposure and Absorption calculations HAK
#******************************************************************************
# State Variables with dynamics:
# AStom
ADuod
AStomTCA
AStomTCOH
Input Variables:
IVDose
PDose
Drink
Conc
IVDoseTCA
PODoseTCA
IVDoseTCOH
PODoseTCOH
Other State Variables and Global Parameters:
ACh
cc
VCh
MWTCE
BW
TChng
kAS
kTSD
kAD
kTD
kASTCA
kASTCOH
Temporary variables used:
none
Temporary variables assigned:
kIV - rate into CVen
kIA - rate into CArt
kPV - rate into portal vein
kStom - rate into stomach
kDrink - incorporated into RAO
RAO - rate into gut (oral absorption - both gavage and drinking water)
CInh - inhalation exposure concentration
kIVTCA - rate into blood
kStomTCA - rate into stomach
kPOTCA - rate into liver (oral absorption)
kIVTCOH - rate into blood
kStomTCOH - rate into stomach
kPOTCOH - rate into liver (oral absorption)
Notes:
For oral dosing, using "Spikes"™ for instantaneous inputs
Inhalation Concentration (mg/L)
CInh uses Conc when open chamber (CC=0) and
ACh/VCh when closed chamber CC>0.

S oS S = Sk SR SE Sk Sk SR SR e Sk S SR = Sk SR SE = Sk S SE Sk Sk S SR Sk Sk S S Sk Sk S SF = 9 Sk HF W 9 W S W 9 9

K K o K XK o K KK K KK K KKK K K XK K XK K KK K KK K KKK K K XK K XK KK K KKK K KK KR K K XK

#### TCE DOSING
## IV route
kIV = (IVDose * BW) / TChng;# IV infusion rate (mg/hr)
# (IVDose constant for duration TChng)

kIA = (IADose * BW) / TChng; # IA infusion rate (mg/hr)
kPV = (PVDose * BW) / TChng; # PV infusion rate (mg/hr)
kStom = (PDose * BW) / TChng;# PO dose rate (into stomach) (mg/hr)

## Oral route

# Amount of TCE in stomach -- for oral dosing only (mg)
dt (AStom) = kStom - AStom * (kAS + kTSD);

# Amount of TCE in duodenum -- for oral dosing only (mg)
dt (ADuod) = (kTSD * AStom) - (kAD + kTD) * ADuod;

# Rate of absorption from drinking water

kDrink = (Drink * BW) / 24.0; #Ingestion rate via drinking water (mg/hr)
# Total rate of absorption including gavage and drinking water

RAO = kDrink + (kAS * AStom) + (kAD * ADuod);
## Inhalation route

CInh = (CC > 0 ? ACh/VCh : Conc*MWTCE/24450.0); # in mg/1l

#### TCA Dosing
kIVTCA = (IVDoseTCA * BW) / TChng; # TCA IV infusion rate (mg/hr)
kStomTCA = (PODoseTCA * BW) / TChng; # TCA PO dose rate into stomach
dt (AStomTCA) = kStomTCA - AStomTCA * kASTCA;
kPOTCA = AStomTCA * kASTCA; # TCA oral absorption rate (mg/hr)

#### TCOH Dosing
kIVTCOH = (IVDoseTCOH * BW) / TChng;#TCOH IV infusion rate (mg/hr)
kStomTCOH = (PODoseTCOH * BW) / TChng; # TCOH PO dose rate into stomach
dt (AStomTCOH) kStomTCOH - AStomTCOH * kASTCOH;
kPOTCOH AStomTCOH * kASTCOH;# TCOH oral absorption rate (mg/hr)

50Kk ok Kk ok Kk ok ok Kk ok ok o Kk ok ok ok Kk ok ok ok Kk ok ok ok Kok ok ok Kk ok ok o Kk ok ok ok Kk ok ok ok Kk ok ok ok KK ok ok ok Kok ok Kk ok

Frxx TCE Model el

ok K K KK KKK K K KR R K KR K KK K KR K KK R K KKK K KR K KR K KRR K KRR R K K KR K K KR

# State Variables with dynamics:

# ARap, # Amount in rapidly perfused tissues

# ASlw, # Amount in slowly perfused tissues

# AFat, # Amount in fat

4+ AGut, # Amount in gut

# ALiv, # Amount in liver

# AInhResp,

# AResp,

# AExhResp,

# AKid, # Amount in Kidney -- currently in Rap tissue
# ABl1d, # Amount in Blood -- currently in Rap tissue
# ACh, # Amount of TCE in closed chamber

# Input Variables:

# none

# Other State Variables and Global Parameters:
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S oS S S Sk S SR Sk S S SR e Sk S SR = Sk SR SR = Sk SR SE Sk Sk Sk SR Sk Sk S %= = Sk SR SE Sk Sk S SE 9k 9 S S 9 9 S o9 9 S % 3

VRap

PRap
VS1lw

PSlw

VFat

PFat

VGut

PGut

VLiv

PLiv
VRespLum
VRespEff
FracLungSys
VKid
PKid
VBld
VMaxClara
KMClara
PB
Rodents
VCh

kLoss
VMax

KM
VMaxDCVG
KMDCVG
VMaxKidDCVG
KMK1idDCVG

Temporary variables used:

oM
QFat
QGutLiv
QS1lw
QRap
QKid
kIV
QCnow
CInh
QP
RAO

Temporary variables assigned:

oM

CRap
CSlw
CFat
CGut
CLiv
CInhResp
CResp
CExhResp
ExhFactor
CMixExh
CKid

CVRap
CVslw
CVFat
CVGut
CVLiv
CVTB
CVKid
CVen
RAMetLng
CArt_tmp
CArt

CAlv
RAMetLivl
RAMetLiv2
# RAMetKid
# Notes:

K K o K KK o K KK K KK K KKK K KKK K XK S K KK K KK K KKK K K XK K XK K K KKK R K KK KR K K XK

#

B T T T T T S S

AR RBLOOA  (VENOUS) * A A KKKk k ok ko k ok kA Kk k kA A Kk k kKA Kk kKKK Kk KKK KKK KKK Kk R KKK K
# Tissue Concentrations (mg/L)
CRap = ARap/VRap;
CSlw = ASlw/VSlw;
CFat = AFat/VFat;
CGut = AGut/VGut;
CLiv = ALiv/VLiv;
CKid = AKid/VKid;
# Venous Concentrations (mg/L)
CVRap = CRap / PRap;
CVSlw = CSlw / PSlw;
CVFat = CFat / PFat;
CVGut = CGut / PGut;
CVLiv = CLiv / PLiv;
CVKid = CKid / PKid;
# Concentration of TCE in mixed venous blood (mg/L)
CVen = ABld/VBld;
# Dynamics for blood
dt (ABld) = (QFat*CVFat + QGutLiv*CVLiv + QS1lw*CVSlw +
QRap*CVRap + QKid*CVKid + kIV) - CVen * QCnow;

#****Gas exchange and ReSPIiratory MetaboliSmk ko ko k ko k ko k ko k ko kkokk kK k ok ko x
#

QM = QP/0.7; # Minute-volume

CInhResp = AInhResp/VRespLum;

CResp = AResp/VRespEff;

CExhResp = AExhResp/VRespLum;

dt (AInhResp) = (QM*CInh + DResp* (CResp-CInhResp) - QM*CInhResp);

RAMetLng = VMaxClara * CResp/(KMClara + CResp);

dt (AResp) = (DResp* (CInhResp + CExhResp - 2*CResp) - RAMetLng);

CArt_tmp = (QCnow*CVen + QP*CInhResp)/(QCnow + (QP/PB));

dt (AExhResp) = (QM* (CInhResp-CExhResp) + QP*(CArtitmp/PE—CInhResp) +
DResp* (CResp-CExhResp) ) ;

CMixExh = (CExhResp > 0 ? CExhResp : le-15); # mixed exhaled breath
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# Concentration in alveolar air (mg/L)
# Correction factor for exhaled air to account for
# absorption/desorption/metabolism in respiratory tissue
# =1 if DResp = 0

ExhFactor den = (QP * CArt_tmp / PB + (QM-QP)*CInhResp);
ExhFactor = (ExhFactor den > 0) ? (
QM * CMixExh / ExhFactor_den) : 1;

# End-exhaled breath (corrected for absorption/
# desorption/metabolism in respiratory tissue)
CAlv = CArt_tmp / PB * ExhFactor;

# Concentration in arterial blood entering circulation (mg/L)
CArt = CArt_tmp + kIA/QCnow; # add inter-arterial dose

#****0ther dynamics for inhalation/exhalation ** %kttt ikttt khhddddddddddddddnx
# Dynamics for amount of TCE in closed chamber
dt (ACh) = (Rodents * (QM * CMixExh - QM * ACh/VCh)) - (kLoss * ACh);

#Hx% % Non-metabolizZing TisSSUes * ks ks ko dok ok ks ok ok ok ok ko ok ok ok ok ok & ok ok ko ok ko ko ok k
# Amount of TCE in rapidly perfused tissues (mg)
dt (ARap) = QRap * (CArt - CVRap);
# Amount of TCE in slowly perfused tissues
dt (ASlw) = QSlw * (CArt - CVSlw);
# Amount of TCE in fat tissue (mg)

dt (AFat) = QFat* (CArt - CVFat);
# Amount of TCE in gut compartment (mg)
dt (AGut) = (QGut * (CArt - CVGut)) + RAO;

#**** Liver S ok ok ok k sk sk ok ok k ok sk ok ok ok ok sk ok ok ok ok ok sk ok ok ok ok sk ok ok ok ok ok sk ok ok ok ok sk ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
# Rate of TCE oxidation by P450 to TCA, TCOH, and other (DCA) in liver (mg/hr)
RAMetLivl = (VMax * CVLiv) / (KM + CVLiv);
# Rate of TCE metabolized to DCVG in liver (mg)
RAMetLiv2 = (VMaxDCVG * CVLiv) / (KMDCVG + CVLiv);
# Dynamics for amount of TCE in liver (mg)
dt (ALiv) = (QLiv * (CArt - CVLiv)) + (QGut * (CVGut - CVLiv))
- RAMetLivl - RAMetLiv2 + kPV; # added PV dose

#**** Kldney Sk ke ok Kk ke ke ok ok kg sk ke ke k ko ke kK sk sk sk ok ke ok sk ok sk kK ok sk ok ok ke ks ok sk kK k sk ok ok ke ko ok kK ok ok ke ok ok Kk k ke ok ok
# Rate of TCE metabolized to DCVG in kidney (mg) #
RAMetKid = (VMaxKidDCVG * CVKid) / (KMKidDCVG + CVKid);
# Amount of TCE in kidney compartment (mg)
dt (AKid) = (QKid * (CArt - CVKid)) - RAMetKid;

K K o K KK o K KK K KK K KKK K KKK K XK K KK K KK K KKK K K XK K K KKK K KKK K KKK R K K XK

Frorx TCOH Sub-model *ox

B

# State Variables with dynamics:

# ABodTCOH

# ALivTCOH

# Input Variables:

# none

# Other State Variables and Global Parameters:
# ABileTCOG

kEHR
VBodTCOH
PBodTCOH
VLiv
PLivTCOH
VMaxTCOH
KMTCOH
VMaxGluc
KMGluc
kMetTCOH - hepatic metabolism of TCOH (e.g., to DCA)
FracOther
FracTCA
StochTCOHTCE
StochTCOHGluc
FracLungSys
Temporary variables used:
QBod
QGutLiv
QCnow
kPOTCOH
RAMetLivl
RAMetLng
Temporary variables assigned:
CVBodTCOH
CVLivTCOH
CTCOH
RAMetTCOHTCA
RAMetTCOHGluc
RAMetTCOH
# RARecircTCOG
# Notes:

ok Kk K KK K KK K K KR R K KR KKK K KR K KK R K KKk K KR K KR K KRR K KKK R K K KR K K KK

S oS S SR S S S SR 9 S S %= = Sk S e SE 9 9 e W 9 S S W 9 9 % W

#**** Blood (venOuS:arterial) Sk ke kK k dk k ok k ok ok ok ok kK ok sk ok ke kK sk ok ok kK ok sk ok ok kK ok ok ok ke ko k ko ok K ok ok ok ok ok
# Venous Concentrations (mg/L)

CVBodTCOH = ABodTCOH / VBodTCOH / PBodTCOH;

CVLivTCOH = ALivTCOH / VLiv / PLivTCOH;

CTCOH = (QBod * CVBodTCOH + QGutLiv * CVLivTCOH + kIVTCOH)/QCnow;

JoRrkok POy KRRk ko kKo ko ok kK ok kK ok ko kKo ko kK kK ok kK kK kK Kk kK R Kk kK kKR Kk K X

# Amount of TCOH in body
dt (ABodTCOH) = QBod * (CTCOH - CVBodTCOH) ;

Bk x ok TIy@r KR KRRk K kR ok K kK ok ok K KKk K KKk K KKk K KK Rk K KR K KR K KR K KRR K K KR K K KR

# Rate of oxidation of TCOH to TCA (mg/hr)

RAMetTCOHTCA = (VMaxTCOH * CVLivTCOH) / (KMTCOH + CVLivTCOH) ;
# Amount of glucuronidation to TCOG (mg/hr)

RAMetTCOHGluc = (VMaxGluc * CVLivTCOH) / (KMGluc + CVLivTCOH) ;
# Amount of TCOH metabolized to other (e.g., DCA)

RAMetTCOH = kMetTCOH * ALivTCOH;
# Amount of TCOH-Gluc recirculated (mg)

RARecircTCOG = kEHR * ABileTCOG;
# Amount of TCOH in liver (mg)
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dt (ALivTCOH) = kPOTCOH + QGutLiv * (CTCOH - CVLivTCOH) # CLivTCA

- RAMetTCOH - RAMetTCOHTCA - RAMetTCOHGluc # CVBOdTCA

+ ((1.0 - FracOther - FracTCA) * StochTCOHTCE * # CVLivTCA

(RAMetLivl + FracLungSys*RAMetLng)) # RUrnTCA

+ (StochTCOHGluc * RARecircTCOG) ; # RAMetTCA

# Notes:

#****************************************************************************** #******************************************************************************
$rxx TCA Sub-model kK Rk Plasma FAKKKKKKKAKKKK KKK KKK KKK KKK KKK KKK KKK KKK KKK KK KKK KKK KKK KKK KKK KKK KK
B B R S S # Concentration of TCA in plasma (umoles/L)
# State Variables with dynamics: CPlasTCA = (APlasTCA<1.0e-15 ? 1.0e-15 : APlasTCA/VPlas);
4+ APlasTCA # Concentration of free TCA in plasma in (umoles/L
# ABodTCA CPlasTCAMole = (CPlasTCA / MWTCA) * 1000.0;
# ALivTCA a = kDissoc+BMax-CPlasTCAMole;
# AUrnTCA b = 4.0*kDissoc*CPlasTCAMole;
# AUrnTCA_ sat c = (b < 0.0l*a*a ? b/2.0/a : sgrt(a*atb)-a);
# AUrnTCA_collect CPlasTCAFreeMole = 0.5*c;
# Input Variables: # Concentration of free TCA in plasma (mg/L)
# TCAUrnSat CPlasTCAFree = (CPlasTCAFreeMole * MWTCA) / 1000.0;
# UrnMissing APlasTCAFree = CPlasTCAFree * VPlas;
# Other State Variables and Global Parameters: # Concentration of bound TCA in plasma (mg/L)
4+ VPlas CPlasTCABnd = (CPlasTCA<CPlasTCAFree ? 0 : CPlasTCA-CPlasTCAFree);
# MWTCA # Concentration in body and liver
# kDissoc CBodTCA = (ABodTCA<O ? 0 : ABodTCA/VBod) ;
# BMax CLivTCA = (ALivTCA<1.0e-15 ? 1.0e-15 : ALivTCA/VLiv);
# kMetTCA -- hepatic metabolism of TCA (e.g., to DCA) # Total concentration in venous plasma (free+bound)
# VBod CVBodTCAFree = (CBodTCA / PBodTCA); # free in equilibrium
# PBodTCA CVBodTCA = CPlasTCABnd + CVBodTCAFree;
# PLivTCA CVLivTCAFree = (CLivTCA / PLivTCA);
# kUrnTCA CVLivTCA = CPlasTCABnd + CVLivTCAFree; # free in equilibrium
# FracTCA # Rate of urinary excretion of TCA
# StochTCATCE RUrnTCA = kUrnTCA * APlasTCAFree;
4+ StochTCATCOH # Dynamics for amount of total (freet+bound) TCA in plasma (mg)
4+ FracLungSys dt (APlasTCA) = kKIVTCA + (QBodPlas*CVBodTCA) + (QGutLivPlas*CVLivTCA)
# Temporary variables used: - (QCPlas * CPlasTCA) - RUrnTCA;
# kIVTCA
# KPOTCA Frrxx Body KHEEEK KKK KKK KKK KKK KKK KKK KKK KKK KKK KA KA KA A KA A KA A KA A A A KA A A KA A XA A A XA XA A K
# QBodPlas # Dynamics for amount of TCA in the body (mg)
4+ QGutLivPlas dt (ABodTCA) = QBodPlas * (CPlasTCAFree - CVBodTCAFree);
# QCPlas
# RAMetlel #**** Liver S ok ok ok k sk sk ok ok k ks ok ok ok ok sk sk ok ok ok k sk ok ok ok ok sk ok ok ok ok ok sk ok ok ok ok sk ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok
# RAMetTCOHTCA # Rate of metabolism of TCA
# RAMetLng RAMetTCA = kMetTCA * ALivTCA;
# Temporary variables assigned: # Dynamics for amount of TCA in the liver (mg)
# CPlasTCA dt (ALivTCA) = kPOTCA + QGutLivPlas* (CPlasTCAFree - CVLivTCAFree)
# CPLasTCAMole - RAMetTCA + (FracTCA * StochTCATCE *
# a, b, c (RAMetLivl + FracLungSys*RAMetLng))
# CPlasTCAFreeMole + (StochTCATCOH * RAMetTCOHTCA) ;
# CPlasTCAFree
# APlasTCAFree #**** Urine **xxkhkkk sk ok kA sk sk kA Ak ok kA Ak kAR Kk K AR KK KA XK K KA XK K KA A KK KA X KK KA XK KKK K KA KKK
# CPlasTCABnd # Dynamics for amount of TCA in urine (mg)
# CBodTCAFree dt (AUrnTCA) = RUrnTCA;
# CLivTCAFree dt (AUrnTCA_sat) = TCAUrnSat* (1-UrnMissing)* RUrnTCA;
# CBodTCA # Saturated, but not missing collection times
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dt (AUrnTCA _collect) = (1-TCAUrnSat)* (1-UrnMissing)*RUrnTCA;
# Not saturated and not missing collection times

Kk ok Kk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok kK ok ok ok Kok ok ok o Kk ok ok ok Kk ok ok ok Kk ok ok ok KK ok ok ok K ok ok o o Kk

Frorx TCOG Sub-model *okx
#******************************************************************************
# State Variables with dynamics:
# ABodTCOG

ALivTCOG

ABileTCOG

AUrnTCOG

AUrnTCOG_sat

AUrnTCOG_collect
Input Variables:

TCOGUrnSat

UrnMissing
Other State Variables and Global Parameters:

VBodTCOH

VLiv

PBodTCOG

PLivTCOG

kUrnTCOG

kBile

StochGlucTCOH
Temporary variables used:

QBod

QGutLiv

QCnow

RAMetTCOHGluc

RARecircTCOG
Temporary variables assigned:

CVBodTCOG

CVLivTCOG

CTCOG

RUrnTCOG
# RBileTCOG
# Notes:

ok K K KK K KKk K KK Rk K KR K KK K KKk K KKk K KKk K KR K KR K KRR K KKK R K K KR K K KR

R T T T I T I I e A T T

#rx%kx B1ood (VENOUS=ZArterial) * k& ko kok sk kok sk ko kok ok ko ko ok ok ok k ok ok ok ok ok ok ok ok 4 ko Ak ok ok Kk Kk K
# Venous Concentrations (mg/L)
CVBodTCOG = ABodTCOG / VBodTCOH / PBodTCOG;
CVLivTCOG = ALivTCOG / VLiv / PLivTCOG;
CTCOG = (QBod * CVBodTCOG + QGutLiv * CVLivTCOG)/QCnow;
#**** Body hohkkkkkkhhkhkkhkhkhkhkhhkkkkhkkkkhhkkkkhkhkkkkkkkkkkhk ok ok ok k ok ok kk ok ok ok ok ok k ok k% %
# Amount of TCOG in body
RUrnTCOG = kUrnTCOG * ABodTCOG;
dt (ABodTCOG) = QBod * (CTCOG - CVBodTCOG) - RUrnTCOG;
RUrnTCOGTCOH = RUrnTCOG*StochTCOHGluc; +# (vrisk)
#**** Liver **kkkkhkkk sk ok kkk k kA A Ak kAR A Kk AR A KK KA A KK KA XK KKK KK KA KKK KA KK KA KK K KA KK KK
# Amount of TCOG in liver (mg)
RBi11leTCOG = kBile * ALivTCOG;
dt (ALivTCOG) = QGutLiv * (CTCOG - CVLivTCOG)
+ (StochGlucTCOH * RAMetTCOHGluc) - RBileTCOG;

xkokok B @ Kk ko ok ok ok ok ok ok ok Kk ok ok Kk ok ok Kk ko o Kk ko ok KXk o ok KXk ok KXk ok KXk ok KXk o KKk K Kk

# Amount of TCOH-Gluc excreted into bile (mg)
dt (ABi1eTCOG) = RBileTCOG - RARecircTCOG;

#**** Urine * %%k k ks skook ok ok ok sk ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok ok ok Kk ok ok ok Kk ok ok ok ok ko kR kR ok kK K
# Amount of TCOH-Gluc excreted in urine (mg)
dt (AUrnTCOG) = RUrnTCOG;
dt (AUrnTCOG_sat) = TCOGUrnSat* (1-UrnMissing) *RUrnTCOG;
# Saturated, but not missing collection times
dt (AUrnTCOG_collect) = (1-TCOGUrnSat)* (1-UrnMissing) *RUrnTCOG;

# Not saturated and not missing collection times

Kk ok Kk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok K ok ok ok o Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok K ok ok ok K ok ok ok ok Kk

FHrxx DCVG Sub-model il

ok Kk K KK K KK K K KR K KR K KK K KR K KK R K KKk K KR K KR K KR K K KRR K K KR K K KR

# State Variables with dynamics:

# ADCVGmol

# Input Variables:

# none

# Other State Variables and Global Parameters:

# kDCVG

# FracKidDCVC # Fraction of kidney DCVG going to DCVC in first pass
# VDCVG

# Temporary variables used:

# RAMetLiv2

# RAMetKid

# Temporary variables assigned:

# RAMetDCVGmol

# CDCVGmol

# Notes:

# Assume negligible GGT activity in liver as compared to kidney,
# supported by in vitro data on GGT (even accounting for 5x

# greater liver mass relative to kidney mass), as well as lack
# of DCVC detected in blood.

# "FracKidDCVC" Needed to account for "first pass" in

# kidney (TCE->DCVG->DCVC without systemic circulation of DCVG).

#******************************************************************************
# Rate of metabolism of DCVG to DCVC

RAMetDCVGmol = kDCVG * ADCVGmol;
# Dynamics for DCVG in blood

dt (ADCVGmol) = (RAMetLiv2 + RAMetKid* (1-FracKidDCVC)) / MWTCE
- RAMetDCVGmol;

# Concentration of DCVG in blood (in mmoles/1)

CDCVGmol = ADCVGmol / VDCVG;

B S e
Frrx DCVC Sub-model *okx
#******************************************************************************
# State Variables with dynamics:

# ADCVC

# AUrnNDCVC

# Input Variables:
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none

Other State Variables and Global Parameters:
MWDCVC
FracKidDCVC
StochDCVCTCE
kNAT
kKidBioact
StochN

Temporary variables used:
RAMetDCVGmol
RAMetKid

Temporary variables assigned:
RAUrnDCVC

Notes:

B T I I T

Cannot detect DCVC in blood, so assume all is locally generated

=

and excreted or bioactivated in kidney.
#******************************************************************************
# Amount of DCVC in kidney (mg)
dt (ADCVC) = RAMetDCVGmol * MWDCVC
+ RAMetKid * FracKidDCVC * StochDCVCTCE
- ((kKNAT + kKidBioact) * ADCVC);
# Rate of NAcDCVC excretion into urine (mg)
RAUrnDCVC = kNAT * ADCVC;
# Dynamics for amount of N Acetyl DCVC excreted (mg)
dt (AUrnNDCVC) = StochN * RAUrnDCVC;

RUrnNDCVC = StochN * RAUrnDCVC; # (vrisk)
#******************************************************************************
frxx Total Mass Balance *ox
#***~k**************************************************************************
#xx*x*x Mass Balance for TCE *** ¥k kk kA kA A XXX KKK KKK KKK KKK KKK KKK KKK KKK KKK KKK KKK KKK
# Total intake from inhalation (mg)

RInhDose = QM * CInh;
dt (InhDose) = RInhDose;
Amount of TCE absorbed by non-inhalation routes (mg)
dt (A0) = RAO + kIV + kIA + kPV; # (vrisk)
# Total dose
TotDose = InhDose + AO; # (vrisk)

.

# Total in tissues
TotTissue = # (vrisk)
ARap + ASlw + AFat + AGut + ALiv + AKid + ABld + # (vrisk)
AInhResp + AResp + AExhResp; #(vrisk)
# Total metabolized

dt (AMetLng) = RAMetLng; # (vrisk)
dt (AMetLivl) = RAMetLivl; # (vrisk)
dt (AMetLiv2) = RAMetLiv2; # (vrisk)
dt (AMetKid) = RAMetKid; # (vrisk)

ATotMetLiv = AMetLivl + AMetLiv2; # (vrisk)
TotMetab = AMetLng + ATotMetLiv + AMetKid; # (vrisk)
AMetLivOther = AMetLivl * FracOther; #(vrisk)
AMetGSH = AMetLiv2 + AMetKid; # (vrisk)
# Amount of TCE excreted in feces (mg)
RAExc = kTD * ADuod; # (vrisk)
dt (AExc) = RAExc; # (vrisk)

# Amount exhaled (mg)
RAExh = QM * CMixExh;
dt (AExh) = RAExh;
# Mass balance
TCEDiff = TotDose - TotTissue - TotMetab; # (vrisk)
MassBalTCE = TCEDiff - AExc - AExh; #(vrisk)

$xxkk Mass Balance For TCOH * %% &k k ok sk ko ko sk &k ok ok &k ok ok &k ook %ok ook %ok ook %ok ook Xk ok Xk
# Total production/intake of TCOH
dt (ARecircTCOG) = RARecircTCOG; # (vrisk)
dt (AOTCOH) = kPOTCOH + kIVTCOH; # (vrisk)
TotTCOHIn = AOTCOH + ((1.0 - FracOther - FracTCA) * #(vrisk)
StochTCOHTCE * (AMetLivl + FracLungSys*AMetLng)) + # (vrisk)
(StochTCOHGluc * ARecircTCOG); # (vrisk)
TotTCOHDose = AOTCOH + ((1.0 - FracOther - FracTCA) * # (vrisk)
StochTCOHTCE * (AMetLivl + FracLungSys*AMetLng)); # (vrisk)
# Total in tissues
TotTissueTCOH = ABodTCOH + ALivTCOH; # (vrisk)
# Total metabolism of TCOH

dt (AMetTCOHTCA) = RAMetTCOHTCA; # (vrisk)
dt (AMetTCOHGluc) = RAMetTCOHGluc; # (vrisk)
dt (AMetTCOHOther) = RAMetTCOH; # (vrisk)

TotMetabTCOH = AMetTCOHTCA + AMetTCOHGluc + AMetTCOHOther; # (vrisk)
# Mass balance
MassBalTCOH = TotTCOHIn - TotTissueTCOH - TotMetabTCOH; # (vrisk)

#**** Mass Balance for TCA **xxkkkrkkkkhkkkkhk kA Ak k kA XKk kXX KK KA XKk KA KKk Kk kK Kk Kk k* k& KKk
# Total production/intake of TCA
dt (AOTCA) = kPOTCA + kIVTCA; # (vrisk)
TotTCAIn = AOTCA + (FracTCA*StochTCATCE* (AMetLivl + # (vrisk)
FracLungSys*AMetLng)) + (StochTCATCOH*AMetTCOHTCA); # (vrisk)
# Total in tissues
TotTissueTCA = APlasTCA + ABodTCA + ALivTCA; #(vrisk)
# Total metabolism of TCA
dt (AMetTCA) = RAMetTCA; # (vrisk)
# Mass balance
TCADiff = TotTCAIn - TotTissueTCA - AMetTCA; # (vrisk)
MassBalTCA = TCADiff - AUrnTCA; # (vrisk)

#xxx*x Mass Balance for TCOG ** ¥ ¥k kk kX kXXX KKK KKK KKK KKK KKK KKK KKK KKK KKK KKK KKK KK KK
# Total production of TCOG

TotTCOGIn = StochGlucTCOH * AMetTCOHGluc; # (vrisk)
# Total in tissues

TotTissueTCOG = ABodTCOG + ALivTCOG + ABileTCOG; # (vrisk)
# Mass balance

MassBalTCOG = TotTCOGIn - TotTissueTCOG - #(vrisk)

ARecircTCOG - AUrnTCOG; # (vrisk)

Hxxkxk Mass Balance For DOVG ** k& x ko & & k& & kk ok k& %k ok k& % ko k% % KKk K % X KKK & K %K K & K %K K

# Total production of DCVG

dt (ADCVGIn) = (RAMetLiv2 + RAMetKid* (1-FracKidDCVC)) / MWICE; # (vrisk)
# Metabolism of DCVG
dt (AMetDCVG) = RAMetDCVGmol; # (vrisk)
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# Mass balance
MassBalDCVG = ADCVGIn - ADCVGmol - AMetDCVG; # (vrisk)

$x%k%k Mass Balance For DOV *k xk kkkkkkk ko ko ko kk k& k& ko ko k ok k& k&K kK kK k% k&K * K %k kK ok
# Total production of DCVC
dt (ADCVCIn) = RAMetDCVGmol * MWDCVC # (vrisk)
+ RAMetKid * FracKidDCVC * StochDCVCTCE; # (vrisk)
# Bioactivation of DCVC
dt (ABioactDCVC) = (kKidBioact * ADCVC) ;# (vrisk)
# Mass balance
AUrnNDCVCequiv = AUrnNDCVC/StochN;
MassBalDCVC = ADCVCIn - ADCVC - ABioactDCVC - AUrnNDCVCequiv;# (vrisk)

Kk ok Kk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kok ok ok Kok ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok KK ok ok ok Kok ok o o Kk

Frxx Dynamic Outputs HAK

ok K K KK K KK K KK Rk K KR K KK K KR K KK R K KKK K KR K KR K KRR K KKK R K K KR K K KR

# Amount exhaled during exposure (mg)
dt (AExhExp) = (CInh > 0 ? RAExh : 0);

5Kk ok KKk ok Kk ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok Kok ok ok o Kok ok ok ok Kk ok ok ok Kk ok ok ok Kk ok ok ok K ok ok ok K ok ok o Kk

Frorx Dose Metrics *okx

ok K K KK K KK K K KRk K KR K KK K K KK K KK R K KK R K KR K KR K KRR K KKK R K K KR R K K KR

#***% AUCS in mg-hr/L unless Otherwise noted ** %%k k ko k ks k ko kkokkk ko x4k khkkxx

#AUC of TCE in arterial blood

dt (AUCCB1d) = CArt; #(vrisk)
#AUC of TCE in liver
dt (AUCCLiv) = CLiv; #(vrisk)
#AUC of TCE in kidney
dt (AUCCKid) = CKid; # (vrisk)
#AUC of TCE in rapidly perfused
dt (AUCCRap) = CRap; f# (vrisk)
#AUC of TCOH in blood
dt (AUCCTCOH) = CTCOH; # (vrisk)
#AUC of TCOH in body
dt (AUCCBodTCOH) = ABodTCOH / VBodTCOH; # (vrisk)
#AUC of free TCA in the plasma (mg/L * hr)
dt (AUCPlasTCAFree) = CPlasTCAFree; # (vrisk)
#AUC of total TCA in plasma (mg/L * hr)
dt (AUCPlasTCA) = CPlasTCA; # (vrisk)
#AUC of TCA in liver (mg/L * hr)
dt (AUCLivTCA) = CLivTCA; # (vrisk)

#AUC of total TCOH (free+gluc) in TCOH-equiv in blood (mg/L * hr)
dt (AUCTotCTCOH) CTCOH + CTCOGTCOH; # (vrisk)

#AUC of DCVG in blood (mmol/L * hr) -- NOTE moles, not mg
dt (AUCCDCVG) = CDCVGmol; # (vrisk)

bi

#hEft#f 4 ###E End of Dynamics #############HE#HE#HHREFRERAREFREHS

CalcOutputs{

#**%x* Static outputs FOr COMPATiSON TO data * ¥k kkkk ko kkokk ko kkokkkokkkdokk kK Kk k ko x

# TCE

RetDose = ((InhDose-AExhExp) > 0

CALlVPPM = (CAlv < 1.0e-15 ? 1.0e-15
CInhPPM = (ACh< 1.0e-15 ? 1.0e-15
# CInhPPM Only

? 1.0e-15
? 1.0e-15

CArt = (CArt < 1.0e-15
CVen = (CVen < 1.0e-15
CBldMix = (CArt+CVen)/2;

CFat = (CFat < 1.0e-15
CGut = (CGut < 1.0e-15
CRap = (CRap < 1.0e-15
CSlw = (CSlw < 1.0e-15
CHrt = CRap;
CKid = (CKid < 1.0e-15
CLiv = (CLiv < 1.0e-15
CLung = CRap;
CMus = (CSlw < 1.0e-15
CSpl = CRap;
CBrn = CRap;

zAExh = (AExh < 1.0e-15 ? 1.0e-15

? 1.0e-15

1.0e-15
? 1.0e-15
? 1.0e-15

?

? 1.0e-15
? 1.0e-15

? 1.0e-15

? (InhDose - AExhExp) le-15);
CAlv * (24450.0 / MWTCE));
ACh/VCh*24450.0/MWTCE) ;

used for CC inhalation

CArt);
CVen) ;

CFat
CGut
CRap
CSlw

;

)
)
)
)
CKid) ;
CLiv) ;

CS1lw) ;

AExh) ;

zAExhpost = ((AExh - AExhExp) < 1.0e-15 ? 1.0e-15 AExh - AExhExp);
# TCOH
CTCOH = (CTCOH < 1.0e-15 ? 1.0e-15 CTCOH) ;
CBodTCOH = (ABodTCOH < 1.0e-15 ? 1.0e-15 ABodTCOH/VBodTCOH) ;
CKidTCOH = CBodTCOH;
CLivTCOH = (ALivTCOH < 1.0e-15 ? 1.0e-15 ALivTCOH/VLiv) ;
CLungTCOH = CBodTCOH;
# TCA
CPlasTCA = (CPlasTCA < 1.0e-15 ? 1.0e-15 CPlasTCA) ;
CB1dTCA = CPlasTCA*TCAPlas;
CBodTCA = (CBodTCA < 1.0e-15 ? 1.0e-15 CBodTCR) ;
CLivTCA = (CLivTCA < 1.0e-15 ? 1.0e-15 CLivTCA) ;
CKidTCA = CBodTCA;
CLungTCA = CBodTCA;
zZAUrnTCA = (AUrnTCA < 1.0e-15 ? 1.0e-15 AUrnTCA) ;
zAUrnTCA_sat = (AUrnTCA_sat < 1.0e-15 ? 1.0e-15 AUrnTCA_sat);
zAUrnTCA_collect = (AUrnTCA_collect < 1.0e-15 ? 1.0e-15
AUrnTCA_collect);
# TCOG
zABi1eTCOG = (ABileTCOG < 1.0e-15 ? 1.0e-15 ABileTCOG) ;
# Concentrations are in TCOH-equivalents
CTCOG = (CTCOG < 1.0e-15 ? 1.0e-15 CTCOG) 7
CTCOGTCOH = (CTCOG < 1.0e-15 ? 1.0e-15 StochTCOHGluc*CTCOG) ;

CBodTCOGTCOH = (ABodTCOG < 1.0e-15 ? 1.0e-15

StochTCOHGluc*ABodTCOG/VBodTCOH) ;

CKidTCOGTCOH = CBodTCOGTCOH;
CLivTCOGTCOH = (ALivTCOG < 1.0e-15 ? 1.0e-15

StochTCOHGluc*ALivICOG/VLiv) ;

CLungTCOGTCOH = CBodTCOGTCOH;

AUrnTCOGTCOH = (AUrnTCOG < 1.0e-15 2 1.0e-15

StochTCOHGluc*AUrnTCOG) ;

AUrnTCOGTCOH_sat = (AUrnTCOG_sat < 1.0e-15 ? 1.0e-15

StochTCOHGluc*AUrnTCOG_sat) ;
AUrnTCOGTCOH_collect =
StochTCOHGluc*AUrnTCOG_collect) ;

(AUrnTCOG_collect < 1.0e-15 ? 1.0e-15



60/0¢/01

SOI-V

14vVdd

AL0NO YO 411D LON Od

Ad1j0d Aoua3y 23na13s109 Jou s20p puv AJuo sasodind maiad.a 40f }v.ap D S1 JUWNI0p Sy |

# Other

log (CDCVG_NDtmp)

CDCVGmol = (CDCVGmol < 1.0e-15 ? 1.0e-15 : CDCVGmol) ;
CDCVGmol0 = CDCVGmol; #(v1.2.3.2)
CDCVG_NDtmp = CDFNormal (3* (1-CDCVGmol/CDCVGmolLD) ) ;

# Assuming LD = 3*sigma_blank, Normally distributed
CDCVG_ND = ( CDCVG_NDtmp < 1.0 ? ( CDCVG_NDtmp >= le-100 ? -
-log(le-100)) : 1e-100 );

#(v1.2.3.2)

zAUrnNDCVC = (AUrnNDCVC < 1.0e-15 ? 1.0e-15 : AUrnNDCVC) ;
AUrnTCTotMole = zAUrnTCA / MWICA + AUrnTCOGTCOH / MWTCOH;
TotCTCOH = CTCOH + CTCOGTCOH;
TotCTCOHcomp = CTCOH + CTCOG; # ONLY FOR COMPARISON WITH HACK
ATCOG = ABodTCOG + ALivTCOG; # ONLY FOR COMPARISON WITH HACK

# Misc
CVenMole = CVen / MWTCE;
CPlasTCAMole = (CPlasTCAMole < 1.0e-15 ? 1.0e-15 CPlasTCAMole) ;
CPlasTCAFreeMole = (CPlasTCAFreeMole < 1.0e-15 ? 1.0e-15
CPlasTCAFreeMole) ;

#rxxx Additional DoSe Metrics %% & ko sk ko ok sk ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok o Kok ok ok o Kk ok

#

TotTCAINBW = TotTCAIn/BW;# (vrisk)

# Scaled by BW~3/4

TotMetabBW34 = TotMetab/BW75;# (vrisk)

AMetGSHBW34 = AMetGSH/BW75;# (vrisk)

TotDoseBW34 = TotDose/BW75;# (vrisk)

AMetLiv1BW34 = AMetLiv1/BW75;# (vrisk)
TotOxMetabBW34 = (AMetLng+AMetLivl) /BW75;# (vrisk)

AMetLngBW34 = AMetLng/BW75; # (vrisk)
ABioactDCVCBW34 = ABioactDCVC/BW75;# (vrisk)
AMetLivOtherBW34 = AMetLivOther/BW75; # (vrisk)

# Scaled by tissue volume

AMetLivlLiv = AMetLivl/VLiv; # (vrisk)
AMetLivOtherLiv = AMetLivOther/VLiv; # (vrisk)
AMetLngResp = AMetLng/VRespEfftmp; # (vrisk)
ABioactDCVCKid = ABioactDCVC/VKid;# (vrisk)

#**** Fractional Volumes

VFatCtmp = VFat/BW; # (vrisk)
VGutCtmp = VGut/BW; # (vrisk)
VLivCtmp = VLiv/BW; # (vrisk)
VRapCtmp = VRap/BW; # (vrisk)
VRespLumCtmp = VRespLum/BW; # (vrisk)
VRespEffCtmp = VRespEfftmp/BW; # (vrisk)
VKidCtmp = VKid/BW; # (vrisk)

VBldCtmp = VB1d/BW; # (vrisk)

VSlwCtmp = VS1lw/BW; # (vrisk)

VPlasCtmp = VPlas/BW; # (vrisk)

VBodCtmp = VBod/BW; # (vrisk)

VBodTCOHCtmp = VBodTCOH/BW; # (vrisk)
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APPENDIX B. SYSTEMATIC REVIEW OF EPIDEMIOLOGIC STUDIES ON
CANCER AND TRICHLOROETHYLENE (TCE) EXPOSURE

B.1. INTRODUCTION

The epidemiologic evidence on trichloroethylene (TCE) is large with over 50 studies
identified as of June 2009 and includes occupational cohort studies, case-control studies, both
nested within a cohort (nested case-control study) or population based, and geographic based
studies. The analysis of epidemiologic studies on cancer and TCE serves to document essential
design features, exposure assessment approaches, statistical analyses, and potential sources of
confounding and bias. These studies are described below and reviewed according to criteria to
assess (1) their ability to inform weight of evidence evaluation for TCE exposure and a cancer
hazard and (2) their utility for examination using meta-analysis approaches. A secondary goal of
the qualitative review is to provide transparency on study strengths and weaknesses, providing
background for inclusion or exclusion of individual studies for quantitative treatment using meta-
analysis approaches. Individual study qualities are discussed according to specific criteria in
Section B.2.1 to B.2.8., and rationale for studies examined using meta-analysis approaches, the
systematic review, contained in Section B.2.9. Appendix C contains a full discussion of the
meta-analysis, its analytical methodology, including sensitivity analyses, and findings. This
analysis supports discussion of site-specific cancer observations in Chapter 4 where a
presentation may be found of study findings with assessment and discussion of observations
according to a study’s weight of evidence and potential for alternative explanations, including

bias and confounding.

B.2. METHODOLOGIC REVIEW OF EPIDEMIOLOGIC STUDIES ON CANCER
AND TRICHLOROETHYLENE

Epidemiologic studies considered in this analysis assess the relationship between TCE
exposure and cancer, and are identified using several sources and their utility for characterizing
hazard and quantitative treatment is based on recommendations in National Research Council
(NRC, 2006). A thorough search of the literature was carried out through June 2009 without
restriction on year of publication or language using the following approaches: a search of the
bibliographic database PubMed (http://www.ncbi.nlm.nih.gov/ pubmed/), TOXNET
(http://toxnet.nlm.nih.gov/) and EMBASE (http://www.embase.com/) using the terms

99 ¢

“trichloroethylene cancer epidemiology” and ancillary terms, “degreasers,” “aircraft, aerospace

29 ¢c 29 ¢

or aircraft maintenance workers,” “metal workers,” and “electronic workers,” “trichloroethylene

and cohort,” or, “trichloroethylene and case-control;” bibliographies of reviews of the TCE
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epidemiologic literature such as those of the Institute of Medicine (IOM, 2003), NRC (2006,
2009) and Scott and Chiu (2006) and, review of bibliographies of individual studies for relevant
studies not identified in the previous two approaches. NRC (2006) noted “a full review of the
literature should identify all published studies in which there was a possibility that
trichloroethylene was investigated, even though results per se may not have been reported.”

Additional steps of U.S. Environmental Protection Agency (U.S. EPA) staff to identify
studies not published in the literature included contacting primary investigators for case-control
studies of liver, kidney and lymphoma and occupation, asking for information on analyses
examining trichloroethylene uniquely and a review of Agency for Toxic Substances and Disease
Registry (ATSDR) or state health department community health surveys or statistics reviews for
information on TCE exposure and cancer incidence or mortality.

The breadth of the available epidemiologic database on trichloroethylene and cancer is
wide compared to that available for other chemicals assessed by U.S. EPA. However, few
studies were designed with the sole, or primary, objective of this report—to characterize the
magnitude of underlying association, if such exists, between TCE and cancer. Yet, many studies
in the body of evidence can provide information for identifying cancer hazard and dose-response
inferences. The weight a study contributes to the overall evidence on TCE and cancer depends
on a number of characteristics regarding the design, exposure assessment, and analysis
approaches. Epidemiologic studies were most informative for analysis if they approached ideals
described below, as evaluated using objective criteria for identifying a cancer hazard.

Seventy-five studies potentially relevant to health assessment of TCE exposure and
cancer and identified from the above comprehensive search are presented in Tables B-1, B-2, and
B-3. The studies vary widely in their approaches to study design, exposure assessment, and
statistical analysis; for these reasons, studies vary in their usefulness for identifying cancer
hazard. Studies are reviewed according to a set of a priori guidelines of their utility for assessing
TCE exposure and cancer according to the below criteria. Studies approaching criteria ideals
contribute greater weight in the weight of evidence analysis than studies with significant
deficiencies. These criteria are not meant to be used to “accept” or “reject” a particular study for
identifying cancer hazard. Rather, they are to be used as measurement tools for evaluating a
study’s ability to identify TCE exposure and cancer outcomes. Studies suitable for meta-analysis
treatment are selected according to specific criteria identified in B.2.9.4. Individual study
descriptions and abstract sheets according to these criteria are found in Section B.3. Appendix C

describes meta-analysis methods and findings.
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Table B-1. Description of epidemiologic cohort and PMR studies assessing cancer and TCE exposure

Reference

Description

Study group (N)
Comparison group (N)

Exposure assessment and other information

Aircraft and aerospace workers

Radican et al.
(2008), Blair
et al. (1998)

Civilian aircraft-maintenance
workers with at least 1 yr in
1952—1956 at Hill Air Force Base,
UT. Vital status (VS) to 1990
(Blair et al. 1998) or 2000 (Radican
et al., 2008); cancer incidence
1973-1990 (Blair et al., 1998).

14,457 (7,204 ever exposed to
TCE).

Incidence (Blair et al., 1998) and
mortality rates (Blair et al., 1998;
Radican et al., 2008) of
nonchemical exposed subjects.

Most subjects (n = 10,718) with potential exposure to 1 to 25
solvents. Cumulative TCE assigned to individual subjects using
JEM. Exposure-response patterns assessed using cumulative
exposure, continuous or intermittent exposures, and peak exposure.
TCE replaced in 1968 with 1,1,1-trichloroethane and was
discontinued in 1978 in vapor degreasing activities. Median TCE
exposures were about 10 ppm for rag and bucket; 100—200 ppm for
vapor degreasing. Poisson regression analyses controlled for age,
calendar time, sex (Blair et al., 1998) or Cox proportional hazard
model for age and race.

Krishnadasan
et al. (2007)

Nested case-control study within a
cohort of 7,618 workers employed
for between 1950 and 1992, or who
had started employment before
1980 at Boeing/Rockwell/
Rocketdyne (Santa Susana Field
Laboratory, [the UCLA cohort of
Morgenstern et al., 1997]). Cancer
incidence 1988-1999.

326 prostate cancer cases, 1,805
controls.

Response rate:

Cases, 69%; Controls, 60%.

JEM for TCE, hydrazine, PAHs, benzene, mineral oil constructed
from company records, walk-through, or interviews. Lifestyle factors
obtained from living subjects through mail and telephone surveys.
Conditional logistic regression controlled for cohort, age at diagnosis,
physical activity, SES and other occupational exposure (benzene,
PAHs, mineral oil, hydrazine).

Zhao et al.
(2005); Ritz
et al. (1999)

Aerospace workers with >2 yrs of
employment at Rockwell/
Rocketdyne (now Boeing) and who
worked at Santa Susana Field
Laboratory, Ventura, CA, from
1950-1993 (the UCLA cohort of
Morgenstern et al. [1997]). Cancer
mortality as of December 31, 2001.
Cancer incidence 1988—2000 for
subjects alive as of 1988.

6,044 (2,689 with high cumulative
exposure to TCE). Mortality rates of
subjects in lowest TCE exposure
category.

5,049 (2,227 with high cumulative
exposure to TCE). Incidence rates of
subjects in lowest TCE exposure
category.

JEM for TCE, hydrazine, PAHs, mineral oil, and benzene. IH
ranked each job title ranked for presumptive TCE exposure as high
(3), medium (2), low (1), or no (0) exposure for 3 time periods
(1951-1969, 1970-1979, 1980-1989). Cumulative TCE score: low
(up to 3), medium (over 3 up to 12), high (over 12) assigned to
individual subjects using JEM. Cox proportional hazard, controlled
for time, since 1st employment, SES, age at diagnosis and
hydrazine.
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Table B-1. Description of epidemiologic cohort and PMR studies assessing cancer and TCE exposure

(continued)
Study group (N)
Reference Description Comparison group (N) Exposure assessment and other information
Boice etal. | Aerospace workers with >6 months | 41,351, 1,642 male hourly test stand | Potential TCE exposure assigned to test stands workers only whose

(2006a) employment at Rockwell/ mechanics (1,111 with potential TCE | tasks included the cleaning or flushing of rocket engines (engine
Rocketdyne (Santa Susana Field exposure). flush) (» = 639) or for general utility cleaning (n = 472); potential
Laboratory and nearby facilities) Mortality rates of United States for exposure to large quantities of TCE was much greater during
from 1948-1999 (IEI cohort, IEI population and California engine flush than when TCE used as a utility solvent. JEM for TCE
[20057). VS to 1999. population. Internal referent groups | and hydrazine without semiquantitative intensity estimates.
including male hourly Exposure to other solvents not evaluated due to low potential for
nonadministrative Rocketdyne confounding (few exposed, low exposure intensity, or not
workers; male hourly, carcinogenic). Exposure metrics included employment duration,
nonadministrative SSFL workers; employment decade, years worked with potential TCE exposure, and
and test stand mechanics with no years worked with potential TCE exposure via engine cleaning,
potential exposure to TCE. weighted by number of tests. Lifetable (SMR); Cox proportional
hazard controlling for birth year, hire year, and hydrazine exposure.
Boice etal. | Aircraft-manufacturing workers 77,965 (2,267 with potential routine | 12% with potential routine mixed solvent exposure and 30% with
(1999) with at least 1 yr >1960 at TCE exposures and 3,016 with route or intermittent solvent exposure. JEM for potential TCE

Lockheed Martin (Burbank, CA).
VS to 1996.

routine or intermittent TCE
exposure).

Mortality rates of United States
population (routine TCE exposed
subjects) and non-exposed internal
referents (routine and intermittent
TCE exposed subjects).

exposure on (1) routine basis or (2) intermittent or routine basis
without semiquantitative intensity estimate. Exposure-response
patterns assessed by any exposure or duration of exposure and
internal control group. Vapor degreasing with TCE before 1966 and
PCE, afterwards. Lifetable analyses (SMR); Poisson regression
analysis adjusting for birth date, starting employment date, finishing
employment date, sex and race.

Morgan et al.
(1998)

Aerospace workers with >6 months
1950-1985 at Hughes (Tucson,
AZ). VS to 1993.

20,508 (4,733 with TCE exposures).
Mortality rates of United States
population for overall TCE exposure;
mortality rates of all-other cohort
subjects (internal referents) for
exposure-response analyses.

TCE exposure intensity assigned using JEM. Exposure-response
patterns assessed using cumulative exposure (low versus high) and
job with highest TCE exposure rating (peak, medium/high exposure
versus no/low exposure). “High exposure” job classification defined
as >50 ppm. Vapor degreasing with TCE 1952-1977, but limited IH
data <1975. Limited IH data before 1975 and medium/ low rankings
likely misclassified given temporal changes in exposure intensity not
fully considered (NRC, 2006).
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Table B-1. Description of epidemiologic cohort and PMR studies assessing cancer and TCE exposure

(continued)
Study group (N)
Reference Description Comparison group (N) Exposure assessment and other information
Costa et al. Aircraft manufacturing workers 8,626 subjects No exposure assessment to TCE and job titles grouped into one of

(1989)

employed 1954-1981at plant in
Italy. VS to 1981.

Mortality rates of the Italian
population.

four categories: blue- and white-collar workers, technical staff, and
administrative clerks. Lifetable (SMR).

Garabrant et
al. (1988)

Aircraft manufacturing workers >4
yrs employment and who had
worked at least 1 d at San Diego,
CA, plant 1958-1982. VS to 1982.

14,067
Mortality rates of United States
population.

TCE exposure assessment for 70 of 14,067 subjects; 14 cases of
esophageal cancer and 56 matched controls. For these 70 subjects,
company work records identified 37% with job title with potential
TCE exposure without quantitative estimates. Lifetable (SMR).

Cohorts Identified From Biological Monitoring (U-TCA)

Hansen et al.
(2001)

Workers biological monitored using
U-TCA and air-TCE, 1947-1989.
Cancer incidence from 1964-1996.

803 total
Cancer incidence rates of the Danish
population.

712 with U-TCA, 89 with air-TCE measurement records, 2 with
records of both types. U-TCA from 1947—1989; air TCE
measurements from 1974. Historic median exposures estimated
from the U-TCA concentrations were: 9 ppm for 1947 to 1964,

5 ppm for 1965 to 1973, 4 ppm for 1974 to 1979, and 0.7 ppm for
1980 to 1989. Air TCE measurements from 1974 onward were
19 ppm (mean) and 5 ppm (median). Overall, median TCE
exposure to cohort as extrapolated from air TCE and U-TCA
measurements was 4 ppm (arithmetic mean, 12 ppm). Exposure
metrics: year 1st employed, employment duration, mean exposure,
cumulative exposure. Exposure metrics: employment duration,
average TCE intensity, cumulative TCE, period 1st employment.
Lifetable analysis (SIR).

Anttila et al.
(1995)

Workers biological monitored using
U-TCA, 1965-1982. VS
1965-1991 and cancer incidence
1967-1992.

3,974 total (3,089 with U-TCA
measurements]).

Mortality and cancer incidence rates
of the Finnish population.

Median U-TCA, 63 umol/L for females and 48 pmol/L for males;
mean U-TCA was 100 pmol/L. Average 2.5 U-TCA measurements
per individual. Using the Ikeda et al. (1972) relationship for TCE
exposure to U-TCA, TCE exposures were roughly 4 ppm (median)
and 6 ppm (mean). Exposure metrics: years since 1st measurement.
Lifetable analysis (SMR, SIR).

Axelson et al.
(1994)

Workers biological monitored using
U-TCA, 1955-1975. VS to 1986
and cancer incidence 1958-1987.

1,4,21 males

Mortality and cancer incidence rates
of Swedish male population.

Biological monitoring for U-TCA from 1955 and 1975. Roughly %
of cohort had U-TCA concentrations equivalent to <20 ppm TCE.
Exposure metrics: duration exposure, mean U-TCA. Lifetable
analysis (SMR, SIR).
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Table B-1. Description of epidemiologic cohort and PMR studies assessing cancer and TCE exposure

(continued)
Study group (N)
Reference Description Comparison group (N) Exposure assessment and other information
Other Cohorts
Clapp and Deaths between 1969-2001 among | 360 deaths No exposure assessment to TCE. PMR analysis.
Hoffman employees >5 yrs employment
(2008) duration at an IBM facility Proportion of deaths among New
(Endicott, NY). York residents during 1979 to 1998.
Sung et al. Female workers 1st employed 63,982 females and 40,647 females | No exposure assessment. Chlorinated solvents including TCE and

(2007, 2008)

1973-1997 at an electronics (RCA)
manufacturing factory (Taoyuan,
Taiwan). Cancer incidence 1979—
2001 (Sung et al., 2007).
Childhood leukemia 19792001
among first born of female subjects
in Sung et al. (2007, 2008).

with 1st live born offspring.

Cancer incidence rates of Taiwan
population (Sung et al., 2007).
Childhood leukemia incidence rates
of first born live births of Taiwan
population (Sung et al., 2007).

PCE found in soil and groundwater at factory site. Company records
indicated TCE not used 1975-1991 and PCE 1975-1991 and PCE
after 1981. No information for other time periods. Exposure-
response using employment duration. Lifetable analysis (SMR, SIR)
(Chang et al., 2003, 2005; Sung et al., 2007) or Poisson regression
adjusting for maternal age, education, sex, and birth year (Sung et
al., 2008).

Chang et al. | Male and female workers employed | 86,868 total

(2005), 1978-1997 at electronics factory as | Incidence (Chang et al., 2005) or

Chang et al. | studied by Sung et al. (2007). VS | mortality (Chang et al., 2003) rates

(2003) from 1985-1997 and cancer Taiwan population.

incidence 1979-1997.

ATSDR Workers 19521980 at the View- 616 deaths 1989-2001 No exposure information on individual subjects. TCE and other

(2004) Master factory (Beaverton, OR). Proportion of deaths between VOCs detected in well water at the time of the plant closure in 1998
1989-2001 in Oregon population. were TCE, 1,220—-1,670 pg/L; 1,1-DCE, up to 33 pg/L; and, PCE up

to 56 pg/L. PMR analysis.

Raaschou- Blue-collar workers employed 40,049 total (14,360 with presumably | Employers had documented TCE usage but no information on

Nielsen et al. | >1968 at 347 Danish TCE-using higher level exposure to TCE). individual subjects. Blue-collar versus white-collar workers and

(2003) companies. Cancer incidence Cancer incidence rates of the Danish | companies with <200 workers were variables identified as increasing

through 1997.

population.

the likelihood for TCE exposure. Subjects from iron and metal,
electronics, painting, printing, chemical, and dry cleaning industries.
Median exposures to trichloroethylene were 40—60 ppm for the years
before 1970, 10—20 ppm for 1970 to 1979, and approximately 4 ppm
for 1980 to 1989. Exposure metrics: employment duration, year 1st
employed, and # employees in company. Lifetable (SIR).
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Table B-1. Description of epidemiologic cohort and PMR studies assessing cancer and TCE exposure

(continued)
Study group (N)
Reference Description Comparison group (N) Exposure assessment and other information
Ritz (1999a) | Male uranium-processing plant 3,814 white males monitored for JEM for TCE, cutting fluids, kerosene, and radiation generated by

workers >3 months employment
1951-1972 at DOE facility
(Fernald, OH). VS 1951-1989,
cancer.

radiation (2,971 with potential TCE
exposure).

Mortality rates of the United States
population; Non-TCE exposed
internal controls for TCE exposure-
response analyses.

employees and industrial hygienists. Subjects assigned potential
TCE according to intensity: light (2,792 subjects), moderate

(179 subjects), heavy (no subjects). Lifetable (SMR) and
conditional logistic regression adjusted for pay status, date first hire,
radiation.

Henschler et
al. (1995)

Male workers > 1 yr 1956—1975 at
cardboard factory (Arnsberg region,
Germany). VS to 1992.

169 exposed; 190 unexposed
Mortality rates from German
Democratic Republic (broad
categories) or renal cell carcinoma
incidence rates from Danish
population, German Democratic, or
non-TCE exposed subjects.

Walk-through surveys and employee interviews used to identify
work areas with TCE exposure. TCE exposure assigned to renal
cancer cases using workman’s compensation files. Lifetable (SMR,
SIR) or Mantel-Haenszel.

Greenland et

Cancer deaths, 1969-1984, among

512 cases, 1,202 controls.

Industrial hygienist assessment from interviews and position

al. (1994) pensioned workers employed Response rate: descriptions. TCE (no/any exposure) assigned to individual subjects
<1984 at GE transformer Cases, 69%; using JEM. Logistic regression.
manufacturing plant (Pittsfield, Controls, 60%.
MA), and who had job history
record; controls were noncancer
deaths among pensioned workers.
Sinks et al. Workers employed 1957-1980 at a | 2,050 total No exposure assessment to TCE; analyses of all plant employees
(1992) paperboard container Mortality rates of the United States | including white- and blue-collar employees. Assignment of work

manufacturing and printing plant
(Newnan, GA). VS to 1988.
Kidney and bladder cancer
incidence through 1990.

population, bladder and kidney
cancer incidence rates from the
Atlanta-SEER registry for the years
1973—-1977.

department in case-control study based upon work history; Material
Safety Data Sheets identified chemical usage by department.
Lifetable (SMR, SIR) or conditional logistic regression adjusted for
hire date and age at hire, and using 5- and 10-year lagged
employment duration.
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Table B-1. Description of epidemiologic cohort and PMR studies assessing cancer and TCE exposure

(continued)
Study group (N)
Reference Description Comparison group (N) Exposure assessment and other information
Blair et al. Workers employed 1942- 1970 in | 3,781 males of whom 1,767 were No exposure assessment to TCE. Marine inspectors worked in
(1989) U.S. Coast. VS to 1980. marine inspectors (48%). confined spaces and had exposure potential to multiple chemicals.
Mortality rates of the United States | TCE was identified as one of 10 potential chemical exposures.
population. Mortality rates of marine | Lifetable (SMR) and directly adjusted relative risks.
inspectors also compared to that of
noninspectors.
Shannon et Workers employed >6 months at 1,870 males and females, 249 (13%) | No exposure assessment to TCE. Workers in coiling and wire
al. (1988) GE lamp manufacturing plant, in coiling and wire-drawing area. drawing (CWD) had potential exposure to many chemicals including
1960-1975. Cancer incidence from | Cancer incidence rates from Ontario | metals and solvents. A 1955-dated engineering instruction sheet
1964-1982. Cancer Registry. identified trichloroethylene used as degreasing solvent in CWD.
Lifetable (SMR).
Shindell and | Workers employed >3 months at a | 2,646 males and females No exposure assessment to TCE; job titles categorized as either
Ulrich (1985) | TCE manufacturing plant 1957— Mortality rates of the United States | white- or blue-collar. Lifetable analysis (SMR).
1983. VS to 1983. population.
Wilcosky et | Respiratory, stomach, prostate, 183 cases (101 respiratory, JEM without quantitative intensity estimates for 20 exposures
al. (1984) lymphosarcoma, and lymphatic 33 prostate, 30 stomach, 9 including TCE. Exposure metric: ever held job with potential TCE

leukemia cancer deaths 1964—1972
among 6,678 active and retired
production workers at a rubber
plant (Akron, OH); controls were a
20% age-stratified random sample
of the cohort.

lymphosarcoma and 10 lymphatic
leukemia cancer deaths).

exposure.

DCE = dichloroethylene, DOE = U.S. Department of Energy, IEI = International Epidemiology Institute, JEM = job-exposure matrix, NRC = National Research
Council, PCE = perchloroethylene, PMR = proportionate mortality ratio, SIR = standardized incidence ratio, SMR = standardized mortality ratio, SSFL = Santa
Susanna Field Laboratory, U-TCA = urinary trichloroacetic acid, UCLA = University of California, Los Angeles, VOCs = volatile organic compounds, VS =

vital status.
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Table B-2. Case-control epidemiologic studies examining cancer and TCE exposure

Study group (N)
Comparison group (N)

Reference Population Response rates Exposure assessment and other information

Bladder

Pesch et al. Histologically confirmed 1,035 cases Occupational history using job title or self-reported exposure. JEM and
(2000a) urothelial cancer (bladder, ureter, | 4,298 controls JTEM to assign exposure potential to metals and solvents (chlorinated

renal pelvis) cases from German
hospitals (5 regions) in
1991-1995; controls randomly
selected from residency registries
matched on region, sex, and age.

Cases, 84%; Controls, 71%

solvents, TCE, PCE). Lifetime exposure to TCE exposure examined as 30th,
60th, and 90th percentiles (medium, high, and substantial) of exposed control
exposure index. Duration used to examine occupational title and job task
duties and defined as 30th, 60th, and 90th percentiles (medium, long, and
very long) of exposed control durations.

Logistic regression with covariates for age, study center, and smoking.

Siemiatycki et

Male bladder cancer cases, age

484 cases

JEM to assign 294 exposures including TCE on semiquantitative scales

al. (1994), 35—75 yrs, diagnosed in 16 large | 533 population controls; categorized as any or substantial exposure. Other exposure metrics included

Siemiatycki Montreal-area hospitals in 740 other cancer controls exposure duration in occupation or job title.

(1991) 1979-1985 and histologically Cases, 78%; Controls, 72% | Logistic regression adjusted for age, ethnic origin, socioeconomic status,
confirmed; controls identified smoking, coffee consumption, and respondent status [occupation or job title]
concurrently at 18 other cancer or Mantel-Haenszel stratified on age, income, index for cigarette smoking,
sites; age-matched, population- coffee consumption, and respondent status (TCE).
based controls identified from
electoral lists and random digit
dialing (RDD).

Brain

De Roos et al. | Neuroblastoma cases in children | 504 cases Telephone interview with parent using questionnaire to assess parental

(2001) of <19 yrs selected from 504 controls occupation and self-reported exposure history and judgment-based attribution

Olshan et al. Children’s Cancer Group and Cases, 73%; Controls, 74% | of exposure to chemical classes (halogenated solvents) and specific solvents

(1999) Pediatric Oncology Group with (TCE). Exposure metric was any potential exposure.

diagnosis in 1992—1994;
population controls (RDD)
matched to control on birth date.

Logistic regression with covariate for child’s age and material race, age, and
education.

Heineman et
al. (1994)

White, male cases, age >30 yrs,
identified from death certificates
in 1978—1981; controls identified
from death certificates and
matched for age, year of death and
study area.

300 cases
386 controls
Cases, 74%; Controls, 63%

In-person interview with next-of-kin; questionnaire assessing lifetime
occupational history using job title and JEM of Gomez et al. (1994).
Cumulative exposure metric (low, medium or and high) based on weighted
probability and duration.

Logistic regression with covariates for age and study area.
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Table B-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Study group (N)
Comparison group (N)

Reference Population Response rates Exposure assessment and other information
Colon and Rectum
Goldberg et al. | Male colon cancer cases, 35—75 497 cases In-person interviews (direct or proxy) with segments on work histories (job
(2001), yrs, from 16 large 533 population controls and | titles and self-reported exposures); analyzed and coded by a team of chemists
Siemiatycki Montreal-area hospitals in 740 cancer controls and industrial hygienists (294 exposures on semiquantitative scales);
(1991) 1979-1985 and histologically Cases, 82%; Controls, 72% | potential TCE exposure defined as any or substantial exposure.
confirmed; controls identified Logistic regression adjusted for age, ethnic origin, birthplace, education,
concurrently at 18 other cancer income, parent’s occupation, smoking, alcohol consumption, tea
sites; age-matched, population- consumption, respondent status, heating source socioeconomic status,
based controls identified from smoking, coffee consumption, and respondent status [occupation, some
electoral lists and random digit chemical agents] or Mantel-Haenszel stratified on age, income, index for
dialing (RDD). cigarette smoking, coffee consumption, and respondent status [TCE].
Dumas et al. Male rectal cancer cases, age 292 cases In-person interviews (direct or proxy) with segments on work histories (job
(2000), 35-75 yrs, diagnosed in 16 large | 533 population controls and | titles and self-reported exposures); analyzed and coded by a team of chemists
Simeiatycki Montreal-area hospitals in 740 other cancer controls and industrial hygienists (294 exposures on semiquantitative scales);
(1991) 1979—-1985 and histologically Cases, 78%; Controls, 72% | potential TCE exposure defined as any or substantial exposure.

confirmed; controls identified
concurrently at 18 other cancer
sites; age-matched, population-
based controls identified from
electoral lists and RDD.

Logistic regression adjusted for age, education, respondent status, cigarette
smoking, beer consumption and body mass index [TCE] or Mantel-Haenszel
stratified on age, income, index for cigarette smoking, coffee consumption,
ethnic origin, and beer consumption [TCE].

Fredriksson et
al. (1989)

Colon cancer cases aged 30—75
yrs identified through the Swedish
Cancer Registry among patients
diagnosed in 1980—1983;
population-based controls were
frequency-matched on age and sex
and were randomly selected from
a population register.

329 cases
658 controls
Not available

Mailed questionnaire assessing occupational history with telephone interview
follow-up. Self-reported exposure to TCE defined as any exposure.
Mantel-Haenszel stratified on age, sex, and physical activity.
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Table B-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Reference

Population

Study group (N)
Comparison group (N)
Response rates

Exposure assessment and other information

Esophagus

Parent et al.

Male esophageal cancer cases,

292 cases

In-person interviews (direct or proxy) with segments on work histories (job

(2000a), 35-75 yrs, diagnosed in 19 large | 533 population controls; titles and self-reported exposures); analyzed and coded by a team of chemists
Siemiatycki Montreal-area hospitals in 740 subjects with other and industrial hygienists (294 exposures on semiquantitative scales);
(1991) 1979—-1985 and histologically cancers potential TCE exposure defined as any or substantial exposure.
confirmed; controls identified Cases, 78%; controls, 72% | Logistic regression adjusted for age, education, respondent status, cigarette
concurrently at 18 other cancer smoking, beer consumption and body mass index [solvents] or Mantel-
sites; age-matched, population- Haenszel stratified on age, income, index for cigarette smoking, coffee
based controls identified from consumption, ethnic origin, and beer consumption [TCE].
electoral lists and RDD.
Lymphoma
Wang et al. Cases among females aged 21 and | 601 cases In-person interview with using questionnaire assessment specific jobs held
(2009) 84 yrs with NHL in 1996—2000 717 controls for >1 yr. Intensity and probability of exposure to broad category of organic

and identified from Connecticut
Cancer Registry; population-based
female controls (1) if <65 yrs of
age, having Connecticut address
stratified by 5-yr age groups
identified from random digit
dialing or (2) >65 yrs of age, by
random selection from Centers for
Medicare and Medicaid Service
files.

Cases, 72%; Controls, 69%
(<65 yrs), 47% (>65 yrs)

solvents and to individual solvents, including TCE, estimated using JEM
(Gomez et al, 1994; Dosemeci et al., 1994) and assigned blinded. Exposure
metric of any exposure, exposure intensity (low, medium/high), and exposure
probability (low, medium/high).

Logistic regression adjusted for age, family history of hematopoietic cancer,
alcohol consumption and race.




60/0¢/01

cl-g
Ad1j0d Aoua3y 23na13s109 Jou s20p puv AJuo sasodind maiad.a 40f }v.ap D S1 JUWNI0p Sy |

4L0N0O YO LD LON Od—LIdvid

Table B-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Reference

Population

Study group (N)
Comparison group (N)
Response rates

Exposure assessment and other information

Constantini et
al. (2008),
Miligi et al.
(2006)

Cases aged 20—74 with NHL,
including CLL, all forms of
leukemia, or multiple myeloma
(MM) in 1991-1993 and
identified through surveys of
hospital and pathology
departments in study areas and in
specialized hematology centers in
8 areas in Italy; population-based
controls stratified by 5-yr age
groups and by sex selected
through random sampling of
demographic or of National Health
Service files.

1,428 NHL + CLL, 586
Leukemia,

263, MM

1,278 controls (leukemia
analysis)

1,100 controls (MM
analysis)

Cases, 83%; Controls, 73%

In-person interview primarily at interviewee’s home (not blinded) using
questionnaire assessing specific jobs, extra occupational exposure to solvents
and pesticides, residential history, and medical history. Occupational
exposure assessed by job-specific or industry-specific questionnaires. JEM
used to assign TCE exposure and assessed using intensity (2 categories) and
exposure duration (2 categories). All NHL diagnoses and 20% sample of all
cases confirmed by panel of 3 pathologists.

Logistic regression with covariates for sex, age, region, and education.
Logistic regression for specific NHL included an additional covariate for
smoking.

Seidler et al.
(2007)
Mester et al.
(2006)
Becker et al.
(2004)

NHL and Hodgkin’s disease cases
aged 18—80 yrs identified through
all hospitals and ambulatory
physicians in six regions of
Germany between 1998 and 2003;
population controls were
identified from population
registers and matched on age, sex,
and region.

710 cases
710 controls
Cases, 87%; Controls, 44%

In-person interview using questionnaire assessing personal characteristics,
lifestyle, medical history, UV light exposure, and occupational history of all
jobs held for >1 yr. Exposure of a priori interest were assessed using job
task-specific supplementary questionnaires. JEM used to assign cumulative
quantitative TCE exposure metric, categorized according to the distribution
among the control persons (50th and 90th percentile of the exposed controls).
Conditional logistic regression adjusted for age, sex, region, smoking and
alcohol consumption.

Persson and
Fredriksson
(1999)
Combined
analysis of
NHL cases in
Persson et al.
(1993),
Persson et al.
(1989)

Histologically confirmed cases of
B-cell NHL, age 20—79 yrs,
identified in two hospitals in
Sweden: Oreboro in 1964—1986
(Persson et al., 1989) and in
Linkoping between 1975-1984
(Persson et al., 1993); controls
were identified from previous
studies and were randomly
selected from population registers.

NHL cases, 199

479 controls

Cases, 96% (Oreboro),
90% (Linkoping);
controls, not reported

Mailed questionnaire to assess self reported occupational exposures to TCE
and other solvents.
Unadjusted Mantel-Haenszel chi-square.
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Table B-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Reference

Population

Study group (N)
Comparison group (N)
Response rates

Exposure assessment and other information

Nordstrom et
al. (1998)

Histologically-confirmed cases in
males of hairy-cell leukemia
reported to Swedish Cancer
Registry in 1987—1992 (includes
one case latter identified with an
incorrect diagnosis date);
population-based controls
identified from the National
Population Registry and matched
(1:4 ratio) to cases for age and
county.

111 cases
400 controls
Cases, 91%; Controls, 83%

Mailed questionnaire to assess self reported working history, specific
exposure, and leisure time activities.
Univariate analysis for chemical-specific exposures (any TCE exposure).

Fritschi and

Male NHL cases, age 3575 yrs,

215 cases

In-person interviews (direct or proxy) with segments on work histories (job

Siemiatycki, diagnosed in 16 large 533 population controls titles and self-reported exposures); analyzed and coded by a team of chemists
1996a), Montreal-area hospitals in (Group 1) and and industrial hygienists (294 exposures on semiquantitative scales).
Siemiatycki 1979—-1985 and histologically 1,900 subjects with other Exposure metric defined as any or substantial exposure.
(1991) confirmed; controls identified cancers (Group 2) Logistic regression adjusted for age, proxy status, income, and ethnicity
concurrently at 18 other cancer Cases, 83%; Controls, 71% | [solvents] or Mantel-Haenszel stratified by age, body mass index, and
sites; age-matched, population- cigarette smoking [TCE].
based controls identified from
electoral lists and RDD.
Hardell et al. | Histologically-confirmed cases of | 105 cases Self-administered questionnaire assessing self-reported solvent exposure;

(1994, 1981)

NHL in males, age 25—85 yrs,
admitted to Swedish (Umea)
hospital between 1974—1978;
living controls (1:2 ratio) from the
National Population Register,
matched to living cases on sex,
age, and place of residence;
deceased controls from the
National Registry for Causes of
Death, matched (1:2 ratio) to dead
cases on sex, age, place of
residence, and year of death.

335 controls
Response rate not available

phone follow-up with subject, if necessary.
Unadjusted Mantel-Haenszel chi-square.
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Table B-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Reference

Population

Study group (N)
Comparison group (N)
Response rates

Exposure assessment and other information

Persson et al.

Histologically confirmed cases of

54 cases (1989 study);

Mailed questionnaire to assess self reported occupational exposures to TCE

(1993), Hodgkin’s disease, age 20—80 yrs, | 31 cases (1993 study) and other solvents.
Persson et al. | identified in two hospitals in 275 controls (1989 study); | Logistic regression with adjustment for age and other exposure; unadjusted
(1989) Sweden: Oreboro in 1964—1986 204 controls (1993 study) | Mantel-Haenszel chi-square.
(Persson et al., 1989) and in Response rate not available
Linkoping between 1975—1984
(Persson et al., 1993); controls
randomly selected from
population registers.
Childhood Leukemia
Shu et al. Childhood leukemia cases, <15 1,842 cases Telephone interview with mother, and whenever available, fathers using

(2004, 1999)

yrs, diagnosed between 1989 and
1993 by a Children’s Cancer
Group member or affiliated
institute; population controls
(random digit dialing), matched
for age, race, and telephone area
code and exchange.

1,986 controls
Cases, 92%; controls, 77%

questionnaire to assess occupation using job-industry title and self-reported
exposure history. Questionnaire included questions specific for solvent,
degreaser or cleaning agent exposures.

Logistic regression with adjustment for maternal or paternal education, race,
and family income. Analyses of paternal exposure also included age and sex
of the index child.

Costas et al.

Childhood leukemia (<19 yrs age)

19 cases

Questionnaire administered to parents separately assessing demographic and

(2002), MA diagnosed in 1969—1989 and who | 37 controls lifestyle characteristics, medical history information, environmental and

DPH (1997) were resident of Woburn. MA; Cases, 91%; Controls, not | occupational exposure and use of public drinking water in the home.
controls randomly selected from | available Hydraulic mixing model used to infer delivery of TCE and other solvents
Woburn public School records, water to residence.
matched for age. Logistic regression with composite covariate, a weighted variable of

individual covariates.
McKinney et | Incident childhood leukemia and | 109 cases In-person interview with questionnaire with mother to assess maternal
al. (1991) non-Hodgkin’s lymphoma cases, | 206 controls occupational exposure history, and with father and mother, as surrogate, to

1974-1988, ages not identified,
from three geographical areas in
England; controls randomly
selected from children of residents
in the three areas and matched for
sex and birth health district.

Cases, 72%; Controls, 77%

assess paternal occupational exposure history. No information provided in
paper whether interviewer was blinded as to case and control status.
Matched pair design using logistic regression for univariate and multivariate
analysis.
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Table B-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Reference

Population

Study group (N)
Comparison group (N)
Response rates

Exposure assessment and other information

Lowengart et

Childhood leukemia cases aged

123 cases

Telephone interview with questionnaire to assess parental occupational and

al. (1987) <10 yrs and identified from the 123 controls self-reported exposure history.

Los Angeles (CA) Cancer Cases, 79%; Controls, Matched (discordant) pair analysis.
Surveillance Program in not available

1980—1984; controls sclected from

RDD or from friends of cases and

matched on age, sex, and race.

Melanoma

Fritschi and Male melanoma cases, age 35—75 | 103 cases In-person interviews (direct or proxy) with segments on work histories (job

Siemiatycki yrs, diagnosed in 16 large 533 population controls and | titles and self-reported exposures); analyzed and coded by a team of chemists

(1996b), Montreal-area hospitals in 533 other cancer controls and industrial hygienists (294 exposures on semiquantitative scales);

Siemiatycki 1979-1985 and histologically Cases, 78%; Controls, 72% | potential TCE exposure defined as any or substantial exposure.

(1991) confirmed; controls identified Logistic regression adjusted for age, education, and ethic origin [TCE] or
concurrently at 18 other cancer Mantel-Haenszel stratified on age, income, index for cigarette smoking, and
sites; age-matched, population- ethnic origin [TCE].
based controls identified from
electoral lists and RDD.

Prostate

Aronson et al. | Male prostate cancer cases, age 449 cases In-person interviews (direct or proxy) with segments on work histories (job

(1996), 35-75 yrs, diagnosed in 16 large | 533 population controls titles and self-reported exposures); analyzed and coded by a team of chemists

Siemiatycki Montreal-area hospitals in (Group 1) and and industrial hygienists (294 exposures on semiquantitative scales).

(1991) 1979—1985 and histologically other cancer cases from Logistic regression adjusted for age, ethnic origin, socioeconomic status,

confirmed; controls identified
concurrently at 18 other cancer
sites; age-matched, population-
based controls identified from
electoral lists and RDD.

same study (Group 2)
Cases, 81%; Controls, 72%

Quetlet, and respondent status [occupation] or Mantel-Haenszel stratified on
age, income, index for cigarette smoking, ethnic origin, and respondent status
[TCE].
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Table B-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Study group (N)
Comparison group (N)

Reference Population Response rates Exposure assessment and other information

Renal Cell

Charbotel et Cases from Arve Valley region in | 87 cases Telephone interview with case or control, or, if deceased, with next-of-kin
al. (2006, France identified from local 316 controls (22% cases, 2% controls). Questionnaire assessing occupational history,
2009) urologists files and from area Cases, 74%; controls, 78% | particularly, employment in the screw cutting jobs, and medical history.

teaching hospitals; age- and sex-
matched controls chosen from file
of same urologist as who treated
case or recruited among the
patients of the case’s general
practitioner.

Semiquantitative TCE exposure assigned to subjects using a task/TCE-
Exposure Matrix designed using information obtained from questionnaires
and routine atmospheric monitoring of work shops or biological monitoring
(U-TCA) of workers carried out since the 1960s. Cumulative exposure,
cumulative exposure with peaks, and TWA.

Conditional logistic regression with covariates for tobacco smoking and body
mass index.

Briining et al.

Histologically-confirmed cases

134 cases

In-person interviews with case or next-of-kin; questionnaire assessing

(2003) 1992—-2000 from German 401 controls occupational history using job title. Exposure metrics included longest job
hospitals (Arnsberg); hospital Cases, 83%; Controls, not | held, JEM of Pannett et al. (1985) to assign cumulative exposure to TCE and
controls (urology department) available PCE, and exposure duration.
serving area, and local geriatric Logistic regression with covariates for age, sex, and smoking.
department, for older controls,
matched by sex and age.

Pesch et al. Histologically-confirmed cases 935 cases In-person interview with case or next-of-kin; questionnaire assessing

(2000b) from German hospitals (5 regions) | 4,298 controls occupational history using job title (JEM approach), self-reported exposure,

in 1991-1995; controls randomly
selected from residency registries
matched on region, sex, and age.

Cases, 88%; Controls, 71%

or job task (JTEM approach) to assign TCE and other exposures.
Logistic regression with covariates for age, study center, and smoking.

Parent et al.
(2000b),
Siemiatycki
(1991)

Male renal cell carcinoma cases,
age 35—75 yrs, diagnosed in 16
large Montreal-area hospitals in
1979—-1985 and histologically
confirmed; controls identified
concurrently at 18 other cancer
sites; age-matched, population-
based controls identified from
electoral lists and RDD.

142 cases

533 population controls
(Group 1) and

other cancer controls
(excluding lung and bladder
cancers) (Group 2)

Cases, 82%; Controls, 71%

In-person interviews (direct or proxy) with segments on work histories (job
titles and self-reported exposures); analyzed and coded by a team of chemists
and industrial hygienists (about 300 exposures on semiquantitative scales);
TCE defined as any or substantial exposure.

Mantel-Haenszel stratified by age, body mass index, and cigarette smoking
[TCE] or logistic regression adjusted for respondent status, age, smoking,
and body mass index [occupation, job title].
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Table B-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Reference

Population

Study group (N)
Comparison group (N)
Response rates

Exposure assessment and other information

Dosemeci et
al. (1999)

Histologically-confirmed cases,
1988—1990, white males and
females, 20—85 yrs, from
Minnesota Cancer Registry;
controls stratified for age and sex
using RDD, 2164 yrs, or from
HCFA records, 64—85 yrs.

438 cases
687 controls
Cases, 87%; Controls, 86%

In-person interviews with case or next-of-kin; questionnaire assessing
occupational history of TCE using job title and JEM of Gomez et al. (1994).
Exposure metric was any TCE exposure.

Logistic regression with covariates for age, smoking, hypertension, and body
mass index.

Vamvakas et | Cases who underwent 58 cases In-person interview with case or next-of-kin; questionnaire assessing

al. (1998) nephrectomy in 19871992 in a 84 controls occupational history using job title or self-reported exposure to assign TCE
hospital in Arnsberg region of Cases, 83%; Controls, 75% | and PCE exposure.
Germany; controls selected Logistic regression with covariates for age, smoking, body mass index,
accident wards from nearby hypertension, and diuretic intake.
hospital in 1992.

Multiple or Other Sites

Lee et al. Liver, lung, stomach, colorectal 53 liver, Residence as recorded on death certificate.

(2003) cancer deaths in males and 39 stomach, Mantel-Haenszel stratified by age, sex, and time period.

females between 1966—1997 from
two villages in Taiwan; controls
were cardiovascular and cerebral-
vascular disease deaths from same
underlying area as cases.

26 colorectal,

41 lung cancer cases

286 controls

Response rate not reported

Kernan et al.
(1999)

Pancreatic deaths, 1984-1993, in
24 states; non-cancer death and
non-pancreatic disease death
controls, frequency matched to
cases by age, gender, race and
state.

63,097 pancreatic cancer
cases

252,386 non-cancer
population controls
Response rate not reported

Usual occupation and industry on death certificate coded to standardized
occupation codes and industry codes for 1980 U. S. census. Potential
exposure to 11 chlorinated hydrocarbons, including TCE, assessed using job-
exposure matrix of Gomez et al. (1994).

Logistic regression adjusted for age, marital status, gender, race, and
metropolitan and residential status.
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Table B-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Study group (N)
Comparison group (N)

Reference Population Response rates Exposure assessment and other information
Siemiatycki Male cancer cases, 1979—1985, 857 lung and In-person interviews (direct or proxy) with segments on work histories (job
(1991) 35—75 yrs, diagnosed in 117 pancreatic cancer cases | titles and self-reported exposures); analyzed and coded by a team of chemists

16 Montreal-area hospitals,
histologically confirmed; cancer
controls identified concurrently;
age-matched, population-based
controls identified from electoral
lists and RDD.

533 population controls
(Group 1) and other cancer
cases from same study
(Group 2)

Cases, 79% (lung), 71%
(pancreas); Controls, 72%

and industrial hygienists (294 exposures on semiquantitative scales); TCE
defined as any or substantial exposure.

Mantel-Haenszel stratified on age, income, index for cigarette smoking,
ethnic origin, and respondent status (lung cancer) and age, income, index for
cigarette smoking, and respondent status (pancreatic cancer).

HCFA = Health Care Financing Administration, JEM = job-exposure matrix, JTEM = job-task-exposure matrix, NCI = National Cancer Institute,
PCE = perchloroethylene, RDD = random digit dialing, U-TCA = urinary trichloroacetic acid, UV = ultra-violet.
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Table B-3. Geographic-based studies assessing cancer and TCE exposure

Reference

| Description

‘ Analysis approach

Exposure assessment

Broome County, NY Studies

ATSDR
(2006a, 2008)

Total, 22 site-specific, and
childhood cancer incidence
from 1980—2001 among
residents in 2 areas in
Endicott, NY.

SIR among all subjects (ATSDR,
2006a) or among white subjects
only (ATSDR, 2008) with expected
numbers of cancers derived using
age-specific cancer incidence rates
for New York State, excluding New
York City. Limited assessment of
smoking and occupation using
medical and other records in lung
and kidney cancer subjects
(ATSDR, 2008).

Two study areas, Eastern and Western study areas, identified based on
potential for soil vapor intrusion exposures as defined by the extent of
likely soil vapor contamination. Contour lines of modeled VOC soil vapor
contamination levels based on exposure model using GIS mapping and soil
vapor sampling results taken in 2003. The study areas were defined by
2000 Census block boundaries to conform to model predicted areas of soil
vapor contamination. TCE was the most commonly found contaminant in
indoor air in Eastern study area at levels ranging from 0.18 to 140 pg/m3 ,
with tetrachloroethylene, cis-1,2-dichloroethene, 1,1,1-trichloroethane, 1,1-
dichloroethylene, 1,1-dichloroethane, and Freon 113 detected at lower
levels. PCE was most common contaminant in indoor air in Western study
area with other VOCs detected at lower levels.

Maricopa Count

, AZ Studies

Aickin et al.
(1992) Aickin
(2004)

Cancer deaths, including
leukemia, 1966—1986, and
childhood (<19 yrs old)
leukemia incident cases
(1965—1986), Maricopa
County, AZ.

Standardized mortality RR from
Poisson regression modeling.
Childhood leukemia incidence data
evaluated using Bayes methods and
Poisson regression modeling.

Location of residency in Maricopa County, AZ, at the time of death as
surrogate for exposure. Some analyses examined residency in West Central
Phoenix and cancer. Exposure information is limited to TCE concentration
in two drinking water wells in 1982.

Pima County, AZ Studies

AZ DHS (1990, | Cancer incidence in Standardized incidence RR from Location of residency in Pima, County, AZ, at the time of diagnosis or

1995) children (<19 yrs old) and | Poisson regression modeling using | death as surrogate for exposure. Exposure information is limited to
testicular cancer in method of Aickin et al. (1992). monitoring since 1981 and includes VOC:s in soil gas samples (TCE, PCE,
1970—1986 and Analysis compares incidence in 1,1-dichloroethylene, 1,1,1-trichloroacetic acid); PCBs in soil samples, and
1987-1991, Pima County, | Tucson Airport Area to rate for rest | TCE in municipal water supply wells.
AZ. of Pima County.

Other

Coyle et al. Incident breast cancer Correlation study using rank order | Reporting to EPA Toxic Release Inventory the number of pounds released

(2005) cases among men and statistics of mean average annual for 12 hazardous air pollutants, (carbon tetrachloride, formaldehyde,

women, 1995-2000,
reported to Texas Cancer
Registry

breast cancer rate among women
and men and atmospheric release of
12 hazardous air pollutants.

methylene chloride, styrene, tetrachloroethylene, trichloroethylene, arsenic,
cadmium, chromium, cobalt, copper, and nickel).
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Table B-3. Geographic-based studies assessing cancer and TCE exposure (continued)

Reference Description Analysis approach Exposure assessment
Morgan and Incident cancer cases, SIR for all cancer sites and 16 site- | TCE and perchlorate detected in some county wells; no information on
Cassady (2002) | 1988—-1989, among specific cancers; expected numbers | location of wells to residents, distribution of contaminated water, or TCE

residents of 13 census
tracts in Redlands area,
San Bernardino County,
CA.

using incidence rates of site-specific
cancer of a four-county region
between 1988—1992.

exposure potential to individual residents in studied census tracts.

Vartiainen et al.
(1993)

Total cancer and site-
specific cancer cases
(lymphoma sites and liver)
from 1953—-1991 in two
Finnish municipalities.

SIR with expected number of
cancers and site-specific cancers
derived from incidence of the
Finnish population.

Monitoring data from 1992 indicated presence of TCE, tetrachloroethylene
and 1,1,1,-trichloroethane in drinking water supplies in largest towns in
municipalities. Residence in town used to infer exposure to TCE.

Cohn et al.
(1994)
Fagliano et al.
(1990)

Incident leukemia and
NHL cases, 1979-1987,
from 75 municipalities and
identified from the New
Jersey State Cancer
Registry. Histological
type classified using WHO
scheme and the
classification of NIH
Working Formulation
Group for grading NHL.

Logistic regression modeling
adjusted for age.

Monitoring data from 1984—1985 on TCE, THM, and VOCs concentrations
in public water supplies, and historical monitoring data conducted in
1978-1984.

Mallin (1990)

Incident bladder cancer
cases and deaths,
1978—1985, among
residents of 9 NW Illinois
counties.

SIR and SMR by county of
residence and zip code; expected
numbers of bladder cancers using
age-race-sex specific incidence
rates from SEER or bladder cancer
mortality rates of the United States
population from 1978—1985.

Exposure data are lacking for the study population with the exception of
noting one of two zip code areas with observed elevated bladder cancer
rates also had groundwater supplies contaminated with TCE, PCE and other
solvents.
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Table B-3. Geographic-based studies assessing cancer and TCE exposure (continued)

Reference

Description

Analysis approach

Exposure assessment

Isacson et al.
(1985)

Incident bladder, breast,
prostate, colon, lung and
rectal cancer cases
reported to lowa cancer
registry between
1969—-1981.

Age-adjusted site-specific cancer
incidence in lowa towns with
populations of 1,000—10,000 and
who were serviced by a public
drinking water supply.

Monitoring data of drinking water at treatment plant in each lowa
municipality with populations of 1,000—10,000 used to infer TCE and other
volatile organic compound concentrations in finished drinking water
supplies.

GIS = geographic information system, NW = Northwestern, PCE = perchloroethylene, RR = rate ratio, SEER = Surveillance, Epidemiology, and End Results,
SIR = standardized incidence ratio, SMR = standardized mortality ratio, VOCs = volatile organic compounds, WHO = World Health Organization.




Category A: Study Design

Clear articulation of study objectives or hypothesis. The ideal is a clearly stated
hypothesis or study objectives and the study is designed to achieve the identified
objectives.

Selection and characterization in cohort studies of exposure and control groups and of
cases and controls (case-control studies) is adequate. The ideal is for selection of cohort
and referents from the same underlying population and differences between these groups
are due to TCE exposure or level of TCE exposure and not to physiological, health status,
or lifestyle factors. Controls or referents are assumed to lack or to have background
exposure to TCE. These factors may lead to a downward bias including one of which is
known as “healthy worker bias,” often introduced in analyses when mortality or
incidence rates from a large population such as the U.S. population are used to derive
expected numbers of events. The ideal in case-control studies is cases and controls are
derived from the same population and are representative of all cases and controls in that
population. Any differences between controls and cases are due to exposure to TCE
itself and not to confounding factors related to both TCE exposure and disease.
Additionally, the ideal is for controls to be free of any disease related to TCE exposure.
In this latter case, potential bias is toward the null hypothesis.

Category B: Endpoint Measured

Levels of health outcome assessed. Three levels of health outcomes are considered in
assessing the human health risks associated with exposure to TCE: biomarkers of effects
and susceptibility, morbidity, and mortality. Both morbidity as enumerated by incidence
and mortality as identified from death certificates are useful indicators in risk assessment
for hazard identification. The ideal is for accurate and predictive indicator of disease.
Incidence rates are generally considered to provide an accurate indication of disease in a
population and cancer incidence is generally enumerated with a high degree of accuracy
in cancer registries. Death certifications are readily available and have complete national
coverage but diagnostic accuracy is reduced and can vary by specific diagnosis.
Furthermore, diagnostic inaccuracies can contribute to death certificates as a poor
surrogate for disease incidence. Incidence, when obtained from population-based cancer
registries, is preferred for identifying cancer hazards.

Changes in diagnostic coding systems for lymphoma, particularly non-Hodgkin’s
lymphoma. Classification of lymphomas today is based on morphologic,
immunophenotypic, genotypic, and clinical features and is based upon the World Health
Organization (WHO) classification, introduced in 2001, and incorporation of WHO
terminology into International Classification of Disease (ICD)-0-3. ICD Versions 7 and
earlier had rubrics for general types of lymphatic and hematopoietic cancer, but no
categories for distinguishing specific types of cancers, such as acute leukemia.
Epidemiologic studies based on causes of deaths as coded using these older ICD
classifications typically grouped together lymphatic neoplasms instead of examining
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individual types of cancer or specific cell types. Before the use of immunophenotyping,
these grouping of ambiguous diseases such as non-Hodgkin’s lymphoma and Hodgkin’s
lymphoma may be have misclassified. Lymphatic tumors coding, starting in 1994 with
the introduction of the Revised European-American Lymphoma classification, the basis
of the current WHO classification, was more similar to that presently used.
Misclassification of specific types of cancer, if unrelated to exposure, would have
attenuated estimate of relative risk and reduced statistical power to detect associations.
When the outcome was mortality, rather than incidence, misclassification would be
greater because of the errors in the coding of underlying causes of death on death
certificates (IOM, 2003). Older studies that combined all lymphatic and hematopoietic
neoplasms must be interpreted with care.

Category C: TCE-Exposure Criteria

Adequate characterization of exposure. The ideal is for TCE exposure potential known
for each subject and quantitative assessment (job-exposure-matrix approach) of TCE
exposure assessment for each subject as a function of job title, year exposed, duration,
and intensity. Consideration of job task as additional information supplementing job title
strengthens assessment increases specificity of TCE assignment. The assessment
approach is accurate for assigning TCE intensity (TCE concentration or a time-weighted
average) to individual study subjects and estimates of TCE intensity are validated using
monitoring data from the time period. The objective for cohort and case-controls studies
is to differentiate TCE exposed subjects from subjects with little or no TCE exposure. A
variety of dose metrics may be used to quantify or classify exposures for an
epidemiologic study. They include precise summaries of quantitative exposure,
concentrations of biomarkers, cumulative exposure, and simple qualitative assessments of
whether exposure occurred (yes or no). Each method has implicit assumptions and
potential problems that may lead to misclassification. Exposure assessment approaches
in which it was unclear that the study population was actually exposed to TCE are
considered inferior since there may be a lower likelihood or degree of exposure to study
subjects compared to approaches which assign known TCE exposure potential to each
subject.

Category D: Follow-up (Cohort)

Loss to follow-up. The ideal is complete follow-up of all subjects; however, this is not
achievable in practice, but it seems reasonable to expect loss to follow-up not to exceed
10%. The bias from loss to follow-up is indeterminate. Random loss may have less
effect than if subjects who are not followed have some significant characteristics in
common.

Follow-up period allows full latency period for over 50% of the cohort. The ideal to
follow all study subjects until death. Short of the ideal, a sufficient follow-up period to
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allow for cancer induction period or latency over 15 or 20 years is desired for a large
percentage of cohort subjects.

Category E: Interview Type (Case-control)

Interview approach. The ideal interviewing technique is face-to-face by trained
interviewers with more than 90% of interviews with cases and control subjects conduced
face-to-face. The effect on the quality of information from other types of data collection
is unclear, but telephone interviews and mail-in questionnaires probably increase the rate
of misclassification of subject information. The bias is toward the null hypothesis if the
proportion of interview by type is the same for case and control, and of indeterminate
direction otherwise.

Blinded interviewer. The ideal is for the interviewer to be unaware whether the subject is
among the cases or controls and the subject to be unaware of the purpose and intended
use of the information collected. Blinding of the interviewer is generally not possible in a
face-to-face interview. In face-to-face and telephone interviews, potential bias may arise
from the interviewer expects regarding the relationship between exposure and cancer
incidence. The potential for bias from face-to-face interviews is probably less than with
mail-in interviews. Some studies have assigned exposure status in a blinded manner
using a job-exposure matrix and information collected in the unblinded interview. The
potential for bias in this situation is probably less with this approach than for nonblinded
assignment of exposure status.

Category F: Proxy Respondents

Proxy respondents. The ideal is for data to be supplied by the subject because the subject
generally would be expected to be the most reliable source; less than 10% of either total
cases or total controls for case-control studies. A subject may be either deceased or too
ill to participate, however, making the use of proxy responses unavoidable if those
subjects are to be included in the study. The direction and magnitude of bias from use of
proxies is unclear, and may be inconsistent across studies.

Category G: Sample Size

The ideal is for the sample size is large enough to provide sufficient statistical power to
ensure that any elevation of effect in the exposure group, if present, would be found, and
to ensure that the confidence bounds placed on relative risk estimates can be
well-characterized.
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Category H: Analysis Issues

e Control for potentially confounding factors of importance in analysis. The ideal in cohort
studies is to derive expected numbers of cases based on age-sex- and time-specific cancer
rates in the referent population and in case-control studies by matching on age and sex in
the design and then adjusting for age in the analysis of data. Age and sex are likely
correlated with exposure and are also risk factors for cancer development. Similarly,
other factors such as cigarette smoking and alcohol consumption are risk factors for
several site-specific cancers reported as associative with TCE exposure. To be a
confounder of TCE, exposure to the other factor must be correlated, and the association
of the factor with the site-specific cancer must be causal. The expected effect from
controlling for confounders is to move the estimated relative risk estimate closer to the
true value.

e Statistical methods are appropriate. The ideal is that conclusions are drawn from the
application of statistical methods that are appropriate to the problem and accurately
interpreted.

e Evaluation of exposure-response. The ideal is an examination of a linear
exposure-response as assessed with a quantitative exposure metric such as cumulative
exposure. Some studies, absent quantitative exposure metrics, examine exposure
response relationships using a semiquantitative exposure metric or by duration of
exposure. A positive dose-response relationship is usually more convincing of an
association as causal than a simple excess of disease using TCE dose metric. However, a
number of reasons have been identified for a lack of linear exposure-response finding and
the failure to find such a relationship means little from an etiological viewpoint and does
not minimize an observed association with overall TCE exposure.

e Documentation of results. The ideal is for analysis observations to be completely and
clearly documented and discussed in the published paper, or provided in supplementary
materials accompanying publication.

B.2.1. Study Designs and Characteristics

The epidemiologic designs investigating TCE exposure and cancer include cohort studies
of occupationally exposure populations, population case-control studies, and geographic studies
of residents in communities with TCE in water supplies or ambient air. Analytical
epidemiologic studies, which include case-control and cohort designs, are generally relied on for
identifying a causal association between human exposure and adverse health effects (U.S. EPA,
2005) due to their clear ability to show exposure precedes disease occurrence. In contrast,
ecologic studies such as health surveys of cancer incidence or mortality in a community during a
specified time period, i.e., geographic-based studies identified in Appendix B, Table B-3,

provide correlations between rates of cancer and exposure measured at the geographic level.
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An epidemiologic study’s ability to inform a question on TCE and cancer depends on
clear articulation of study objective or hypothesis and adequate selection of exposed and control
group in cohort studies and cases and controls in case-control studies are important. As the body
of evidence on trichloroethylene has grown over the past 20 years, so has the number of studies
with clearly articulated hypothesis. All Nordic cohort studies (Axelson et al., 1994; Anttila et al.,
1995; Hansen et al., 2001; Raaschou-Nielsen et al., 2003) are designed to examine cancer and
TCE, albeit some with limited statistical power, as are recent cohort studies of United States
occupationally exposed populations (Ritz, 1999a; Blair et al., 1998; Morgan et al., 1998; Boice et
al., 1999, 2006a; Zhao et al., 2005; Radican et al, 2008). Exposure assessment approaches in
these studies distinguished subjects with varying potentials for TCE exposure, and in some cases,
assigned a semiquantitative TCE exposure surrogate to individual study subjects. Three case-
control studies nested in cohorts, furthermore, examined TCE exposure and site-specific cancer,
albeit a subject’s potential and overall prevalence of TCE exposure greatly varied between these
studies (Wilcosky et al., 1984; Greenland et al., 1994; Krishnadasan et al., 2007). Typically,
studies of all workers at a plant or manufacturing facility (Shindell and Ulrich, 1985; Shannon et
al., 1988; Blair et al., 1989; Sinks et al., 1992; Garabrant et al., 1988; Costa et al., 1989; ATSDR,
2004; Chang et al., 2003, 2005; Sung et al., 2007, 2008; Clapp and Hoffman, 2008) are not
designed to evaluate cancer and TCE specifically, given their inability to identify varying TCE
exposure potential for individual study subjects; rather, such studies evaluate the health status of
the entire population working at that facility. Bias associated with exposure misclassification is
greater in these studies, and for this and other reasons more fully discussed below, they are of
limited utility for informing evaluations on TCE exposure and cancer.

Recent case-control studies with hypotheses specific for TCE exposure include the
kidney cancer case-control studies of Vamvakas et al. (1998), Briining et al. (2003), and
Charbotel et al. (2006, 2009). More common, population-based case-control studies assess
occupational exposure to organic solvents, using a job-exposure matrix approach for exposure
assessment to examine organic solvent categories, i.e., aliphatic hydrocarbons, or specific
solvents such as TCE. The case-control studies of Costas et al. (2002; childhood leukemia) and
Lee et al. (2003; liver cancer) were also designed to examine possible association with
contaminated drinking water containing trichloroethylene and other solvents detected at lower
concentrations. The hypothesis of Siemiatycki (1991) and ancillary publications (Siemiatycki et
al., 1994; Fritschi and Siemiatycki, 1996a, b; Dumas et al., 2000; Parent et al., 2000a, b;
Goldberg et al., 2001) explored possible association between 20 site-specific cancers and
occupational title or chemical exposures, including TCE exposure, using a contemporary

exposure assessment approach for more focused research investigation.
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Cases and control selection in most population-based case-control studies of TCE
exposure are considered a random sample and representative of the source population
(Siemiatycki, 1991 [and related publications, Siemiatycki et al., 1994; Aronson et al., 1996;
Fritchi and Siemiatycki, 1996a, b; Dumas et al., 2000; Parent et al., 2000a, b; Goldberg et al.,
2001]; Lowengart et al., 1987; McKinney et al., 1991; Hardell et al., 1994; Heineman et al.,
1994; Nordstrom et al., 1998; Dosemeci et al., 1999; Kernan et al., 1999; Persson and
Fredriksson, 1999; Pesch et al., 2000a, b; De Roos et al., 2001; Costas et al., 2002; Briining et
al., 2003; Lee et al., 2003; Shu et al., 2004; Charbotel et al., 2006, 2009; Miligi et al., 2006;
Seidler et al., 2007; Constantini et al., 2008; Wang et al., 2009]). Case and control selection in
Vamvakas et al. (1998), a study conducted in the Arnsberg area of Germany, is subject to
criticism regarding possible selection bias resulting from differences in selection criteria, cases
worked in small industries and controls from a wider universe of industries; differences in age,
controls being younger than cases with possible lower exposure potentials; and temporal
difference in case and control selection, controls selected only during the last year of the study
period with possible lower exposure potential if exposure has decreased over period of the study
(NRC, 2006). The potential for selection bias in Briining et al. (2003), another study in the same
area as Vamvakas et al. (1998) but of later period of observation, was likely reduced compared to
Vamvakas et al. (1998) due to the broader region of southern Germany from which cases were
identified and interviewing cases and controls during the same time. One case-control study
nested in a cohort (Greenland et al., 1994) included subjects whose deaths were reported to and
known by the employer, e.g., occurred among vested or pensioned employees or among
currently employees. A 10- to 15-year employment period was required for employees in this
study to receive a pension; deaths among employees who left employment before this time were
not known to the employer and not included the study. Survivor bias, a selection bias, may be
introduced by excluding nonpensioned workers or those who leave employment before
becoming vested in a company’s retirement plan is more likely than in a study of all employees
with complete follow-up. The use of pensioned deaths as controls, as was done in this study,
would reduce potential bias if both cases and control had the same likelihood of becoming
pensioned. That is, the probability for becoming a pensioned worker is similar for all deaths and
unrelated to the likelihood of exposure or magnitude of exposure and disease. No information
was available in Greenland et al. (1994) to evaluate this assumption.

Geographic-based and ecological studies of TCE contaminated water supplies typically
focus on estimating cancer or other disease rates in geographically circumscribed populations
who are geospatially located with a source containing TCE, e.g., a hazardous waste site, well

water, or air. These studies are often less informative for studying cancer due to their inability to
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estimate incidence rate ratios, essential for causal inferences, inferior exposure assessment
approach, and to possible selection biases. Ecological studies also are subject to bias known as
“ecological fallacy” since variables of exposure and outcome measured on an aggregate level do
not represent association at the individual level. Consideration of this bias is important for
diseases with more than one risk factor, such as the site-specific cancers evaluated in this

assessment.

B.2.2. Outcomes Assessed in Trichloroethylene (TCE) Epidemiologic Studies

The epidemiologic studies consider at least three levels of health outcomes in their
examinations of human health risks associated with exposure to trichloroethylene: biomarkers of
effects and susceptibility, morbidity, and mortality (NRC, 2006). Few susceptibility biomarkers
have been examined and these are not specific to trichloroethylene (NRC, 2006). By far, the
bulk of the literature on cancer and trichloroethylene exposure is of cancer morbidity (Isacson et
al., 1985; Lowengart et al., 1987; Shannon et al., 1988; Fredriksson et al., 1989; AZ DHS, 1990,
1995; McKinney et al., 1991; Siemiatycki, 1991; Persson et al., 1993; Persson and Fredriksson,
1999; Vartiainen et al., 1993; Axelson et al., 1994; Cohn et al., 1994; Hardell et al., 1994; Anttila
et al., 1995; Nordstrom et al., 1998; Vamvakas et al., 1998; Dosemeci et al., 1999; Dumas et al.,
2000; Pesch et al., 2000a, b; De Roos et al., 2001; Hansen et al., 2001; Costas et al., 2002;
Morgan and Cassady, 2002; Briining et al., 2003; Rasschou-Nielsen et al., 2003; Aickin, 2004;
Shu et al., 2004; Coyle et al., 2005; ATSDR, 2006a; Charbotel et al., 2006, 2009; Miligi et al.,
2006; Seidler et al., 2007; Sung et al., 2008; Wang et al., 2009), mortality (Wilcosky et al., 1984;
Shindell and Ulrich, 1985; Garabrant et al., 1988; Blair et al., 1989; Costa et al., 1989; Kernan et
al., 1999; Aickin et al., 1992; Greenland et al., 1994; Heineman et al., 1994; Morgan et al., 1998;
Boice et al., 1999, 2006a; Ritz, 1999a; Lee et al., 2003; ATSDR, 2004;; Clapp and Hoffman,
2008, Radican et al, 2008) or both (Sinks et al., 1992; Henschler et al., 1995; Blair et al., 1998;
Chang et al., 2003, 2005; Sung et al., 2007; Zhao et al., 2005).

Mortality is readily identified from death certificates; however, diagnostic accuracy from
death certificates varies by the specific diagnosis (Brenner and Gefeller, 1993). Incident cancer
cases are enumerated more accurately by tumor registries and by hospital pathology records and
cases identified from these sources are considered to have less bias resulting from disease
misclassification than cause or underlying cause of death as noted on death certificates. Studies
of incidence are preferred, particularly for examining association with site-specific cancers
having high 5-year survival rates or which may be misclassified on death certificate.
Misclassification of the cause of death as noted on death certificates attenuates statistical power

through errors of outcome identification. This nondifferential misclassification of outcome in
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cohort studies will lead to attenuation of rate ratios, although the magnitude of is difficult to
predict (NRC, 2006). Cancer registries are used for cases diagnosed in more recent time periods
and cohorts whose entrance dates are 30 or 40 years may miss many incident cancers and
reduced statistical power as a consequence. Two studies examine both cancer incidence and
mortality (Blair et al., 1998; Zhao et al., 2005). The lapse of 20 or more years in Blair et al.
(1998) and 38 years in Zhao et al. (2005) between date of cohort identification and cancer
incidence ascertainment suggests these studies are missing cases and limits incidence

examinations.

B.2.3. Disease Classifications Adopted in Trichloroethylene (TCE) Epidemiologic Studies

Disease coding and changes over time are important in epidemiologic evaluations,
particularly in evaluation of heterogeneity or consistency of observations from a body of
evidence. The ICD, published by WHO, is used to code underlying and contributing cause of
death on death certificates and is updated periodically, adding to diagnostic inconsistency for
cross-study comparisons (NRC, 2006). Tumor registries use the International Classification of
Diseases-Oncology (ICD-O) for coding the site and the histology of neoplasms, principally
obtained from a pathology report.

The epidemiologic studies of TCE exposure have used a number of different
classification systems (Scott and Chiu, 2006). A number of studies classified neoplasms
according to ICD-O (Siemiatycki, 1991; Costas et al., 2002) or to ICD-9 (Nordstrom et al., 1998;
Kernan et al., 1999; Ritz, 1999a; Chang et al., 2005; Zhao et al., 2005). Other ICD revisions
used in recent studies include ICDA-8 (Blair et al., 1989; Greenland et al., 1994; Blair et al.,
1998), ICD-7 (Axelson et al., 1994; Anttila et al., 1995; Hansen et al., 2001; Raaschou-Nielsen et
al., 2003), or several ICD revisions, whichever was in effect at the date of death (Garabrant et al.,
1988; Morgan et al., 1998; Boice et al., 1999, 2006a; Radican et al., 2008). In this latter case,
changes in disease classification over revisions are not harmonized or recoded to a common
classification; and, diagnostic inconsistencies and disease misclassification errors leads to a
greater likelihood for bias in these studies. Greatest weight is placed on studies where all cases
or deaths are classified using current classification systems. However, association in studies
adopting older revisions, ICD 7 (Axelson et al., 1994; Anttila et al., 1995; Hansen et al., 2001;
Raaschou-Nielsen et al., 2003), for example, is noteworthy given the narrow consideration of
lymphoid neoplasms compared to contemporary classification systems. Consistency
examinations of the overall body of evidence using meta-analysis methods and examination of

heterogeneity will need to consider study differences in coding in interpreting findings.
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A major shift in thinking occurred around 1995 with the Revised European-American
Lymphoma (REAL) classification of grouping diseases of the blood and lymphatic tissues along
their cell lines compared to previous approaches to group lymphomas by a cell’s physical
characteristics. It was increasing recognized that some lymphomas and corresponding lymphoid
leukemias were different phases (solid and circulating) of the same disease entity (Morton et al.,
2007). Many concepts of contemporary knowledge of lymphomas are incorporated in the WHO
Classification of Neoplastic Diseases of the Hematopoietic and Lymphoid Tissues, an
international consensus scheme for classifying leukemia and lymphoma now in use and the
predecessor to REAL (Jaffe et al., 2001). Both the ICD-O, 3" edition, and ICD-10 have adopted
the WHO classification framework.

The only study coding lymphomas using the WHO classification is Seidler et al. (2007).
Other lymphoma studies have adopted older lymphoma classification systems, either the
National Cancer Institute’s (NCI) Working Formulation (Miligi et al., 2006; Costantini et al.,
2008) or other systems coding lymphomas according to NCI’s Working Formulation, i.e.,
International Classification of Disease-Oncology, 2" Edition (Wang et al., 2009), that divided
lymphomas into low-grade, intermediate-grade and high grade, with subgroups based on cell
type and presentation, or Rappaport (Hardell et al., 1994, 1981), with groupings based on
microscopic morphology (Lymphoma Information Network, 2008). Lowengart et al. (1987),
Persson et al. (1989, 1993), McKinney et al. (1991) nor Persson and Fredriksson (1999) provide
information in their published articles on lymphomas classification systems used in these studies.

Implications of classification changes are most significant for lymphoma. As noted by
the IOM (2003), in Revision 7 and earlier editions of the ICD, all lymphatic and hematopoietic
neoplasms were grouped together instead of treated as individual types of cancer (such as
Hodgkin’s disease) or specific cell types (such as acute lymphocytic leukemia). One limitation
of this treatment was the amalgamation of these relatively rare cancers would increase the
apparent sample size but could also result in diluted estimates of effect if etiologic heterogeneity
of different lymphoma subtypes existed, i.e., different sites of cancer were not associated in
similar ways with the exposures of interest. Additionally, immunophenotyping was not
available, leading to decreased ability to distinguish ambiguous diseases, and diagnoses of these
cancers may have been misclassified; for example, NHL may have been grouped with other
lymphatic and hematopoietic cancers to increase statistical power or misclassified as Hodgkin’s
disease, for example. Examination of distinct lymphoma subtypes is expected to reduce disease
misclassification bias. Two case-control studies on non-Hodgkin’s lymphoma (NHL) include
analysis of lymphoma subtype and trichloroethylene exposure (Miligi et al., 2006; Seidler et al.,
2007).
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A change in liver cancer coding occurred between ICDA-8 and ICD-9 and is important to
consider in examinations of liver cancer observations across the TCE studies. With ICD-9, liver
cancer “not specified as primary or secondary” was moved from the grouping of secondary
malignant neoplasms and added to the larger class of malignant liver neoplasms. Thus, a similar
grouping of liver cancer causes is necessary to cross-study comparisons. For example, an
examination of liver cancer, based on ICDA-8, would need to include codes for liver and
intrahepatic bile duct (code 155) and liver, not specified as primary or secondary (code 197.8),
but, for ICD-9, would include liver and intrahepatic bile duct (code 155) only. The effect of
adding “liver cancer, not specified as primary or secondary” to the larger liver and intrahepatic
bile duct category in ICD-9 was a 2-fold increase in the overall liver cancer mortality rate (Percy
et al., 1990).

B.2.4. Exposure Classification

Adequacy of exposure assessment approaches and their supporting data are a critical
determinant of a study’s contribution in a weight-of-evidence evaluation (Checkoway et al.,
1989). Exposure assessment approaches in studies of TCE and cancer vary greatly. At one
extreme, studies assume subjects are exposed by residence in a defined geographic area (Isacson
et al., 1985; AZ DHS, 1990, 1995; Aickin et al., 1992, Aickin, 2004; Vartiainen et al., 1993;
Cohn et al., 1994; Morgan and Cassidy, 2002; Lee et al., 2003; Coyle et al., 2005; ATSDR,
20064, 2008) or by employment in a plant or job title (Shindell and Ulrich, 1985; Garabrant et
al., 1988; Shannon et al., 1988; Blair et al., 1989; Costa et al., 1989; Chang et al., 2003, 2005;
ATSDR, 2004; Sung et al., 2007, 2008; Clapp and Hoffman, 2008). This is a poor exposure
surrogate given potential for TCE exposure can vary in these broad categories depending on job
function, year, use of personal protection, and, for residential exposure, pollutant fate and
transport, water system distribution characteristics, percent of time per day in residence, presence
of mitigation devices, drinking water consumption rates, and showering times. Another example
comprises measurement from a subset of workers with jobs where TCE is routinely used to infer
TCE exposure and TCE intensity to all subjects. In both examples, exposure misclassification
potential may be extensive and with a downward bias in risk estimates.

At the other extreme and preferred given a reduced likelihood for misclassification bias,
quantitative exposure assessment based upon a subject’s job history, job title, and monitoring
data are used to develop estimates of TCE intensity and cumulative exposure (quantitative
exposure metrics or measures) and is know as job-exposure matrix (JEM) approaches. Peak
exposure is also well characterized. Addition to JEM approaches of information on job tasks
(JTEM) associated with exposure such as that done by Pesch et al. (2000a, b) is expected to
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reduce potential exposure misclassification. In between these two extremes, semiquantitative
estimates of low, medium, and high TCE exposure are assigned to subjects. Twelve studies
assigned a quantitative or semiquantitive TCE surrogate metrics to individual subjects using a
JEM or job-task-exposure-matrix (JTEM): Siemiatycki (1991 [and related publications,
Siemiatycki et al., 1994; Aronson et al., 1996; Fritchi and Siemiatycki, 1996a, b; Dumas et al.,
2000; Parent et al., 2000a, b; Goldberg et al., 2001]), Blair et al. (1998) and follow-up by
Radican et al. (2008), Morgan et al. (1998), Vamvakas et al. (1998), Kernan et al. (1999), Ritz
(1999a), Pesch et al. (2000a, b), Briining et al. (2003), Zhao et al. (2005), Charbotel et al. (2006,
2009), Krishnadansen et al. (2007), Seidler et al. (2007), and Wang et al. (2009).

Fifteen other studies assigned a qualitative TCE surrogate metric (ever exposed or never
exposed), less preferred to a semi-quantitative exposure surrogate given greater likelihood for
error associated exposure misclassification, using general job classification of job title by
reference to industrial hygiene records indicating a high probability of TCE use, individual
biomarkers, job exposure matrices, water distribution models, for cohort studies, or obtained
from subjects using questionnaire for case-control studies. The 15 studies were: Wilcosky et al.
(1984), Lowengart et al. (1987), McKinney et al. (1991), Greenland et al. (1994), Hardell et al.
(1994), Nordstrom et al. (1998), Shu et al. (1999, 2004), Boice et al. (1999, 2006a), Dosemeci et
al. (1999), Persson and Fredriksson (1999), Costas et al. (2002), Raaschou-Nielsen et al. (2003),
Muiligi et al. (2006), and Costantini et al. (2008). Without quantitative measures, however, it is
not possible to quantify exposure difference between groupings nor is it possible to compare
similarly named categories across studies. Exposure misclassification for dichotomous exposure
defined in these studies, if nondifferential, would downward bias resulting risk estimates.

Zhao et al. (2005), Krishnadansen et al. (2007), and Boice et al. (2006a) are studies with
overlap in some subjects, but with different exposure assessment approaches, more fully
discussed in B.3.1.1., with implication on study ability to identify cancer hazard. While these
studies used job title to assign TCE exposure potential, Zhao et al. (2005) and Krishnadansen et
al. (2007) developed a semiquantitative estimate of TCE exposure potential, whereas, Boice et
al. (2006a) classified subjects as either “exposed” or “unexposed” using a qualitative surrogate.
These studies, furthermore, identify TCE exposure potentially differently for possibly similar job
titles. For example, jobs as instrument mechanics, inspectors, test stand engineers, and research
engineers are identified with medium potential exposure in Zhao et al. (2005) and Krishnadansen
et al. (2007); however, these job titles were considered in Boice et al. (2006a) as having
background exposure and were combined with unexposed subjects, the referent population in

Cox Proportional Hazard analyses.
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Three Nordic cohorts have TCE exposure as indicated from biological markers, assigning
TCE exposure to subjects using either concentration of trichloroacetic acid (TCA) in urine or
TCE in blood (Axelson et al., 1994; Anttila et al., 1995; Hansen et al., 2001). The utility of a
biomarker depends on it selectivity and the exposure situation. Urinary TCA (U-TCA) is a
nonselective marker since other chlorinated solvents besides TCE are metabolized to TCA and
resultant urinary elimination. If only TCE is the only exposure, urinary TCE may be a useful
marker; however, in setting with mixed exposure, urinary TCA may serve as an integrated
exposure marker of several chlorinated solvents. The Nordic studies used the linear relationship
found for average inhaled trichloroethylene versus U-TCA: trichloroethylene (mg/m®) = 1.96;
U-TCA (mg/L) = 0.7 for exposures lower than 375 rng/m3 (69.8 ppm) (Ikeda et al., 1972). This
relationship shows considerable variability among individuals, which reflects variation in urinary
output and activity of metabolic enzymes. Therefore, the estimated inhalation exposures are
only approximate for individuals but can provide reasonable estimates of group exposures.
There is evidence of nonlinear formation of U-TCA above about 400 mg/m’ or 75 ppm of
trichloroethylene. The half-life of U-TCA is about 100 hours. Therefore, the U-TCA value
represents roughly the weekly average of exposure from all sources, including skin absorption.
The Ikeda et al. (1972) relationship can be used to convert urinary values into approximate
airborne concentration, which can lead to misclassification if tetrachloroethylene and
1,1,1-trichloroethane are also being used because they also produce U-TCA. In most cases, the
Ikeda et al. (1972) relationship provides a rough upper boundary of exposure to

trichloroethylene.

B.2.5. Follow-up in Trichloroethylene (TCE) Cohort Studies

Cohort studies are most informative if vital status is ascertained for all cohort subjects
and if the period of time for disease ascertainment is sufficient to allow for long latencies,
particularly for cancer detection and death, in the case of mortality studies. Inability to ascertain
vital status for all subjects, or, conversely, subjects who are loss-to-follow-up, can affect the
validity of observations and lead to biased results. Both power and rate ratios estimated in
cohort studies can be underestimated due to bias introduced if the follow-up period was not long
enough to account for latency (NRC, 2006). The probability of loss to follow-up may be related
to exposure, disease, or both. The multiple-stage process of cancer development occurs over
decades after first exposure and studies with full latent periods are considered to provide greater
weight to the evaluation compared to cohort studies with shortened follow-up period and lower
percentage of subjects whose vital status was known on the date follow-up ended. Vital status

ascertainment for over 90% of all cohort studies and long mean follow-up periods, say 15 years
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of longer, characterized many occupational cohort studies on trichloroethylene and cancer
(Garabrant et al., 1988; Costa et al., 1989; Anttila et al., 1995; Blair et al., 1998 and the
follow-up study of Radican et al., 2008; Morgan et al., 1998; Boice et al., 1999, 2006a; Ritz,
1999a; Raaschou-Nielsen et al., 2003; Zhao et al., 2005). Information is lacking in two
biomarker studies (Axelson et al., 1994; Hansen et al., 2001), additionally, to estimate the mean
follow-up period for TCE-exposed subjects; although, Hansen et al. (2001) state “some workers
were followed for as long as 50 years after their exposure, which allowed the detection of
cancers with long latency periods.” Other studies of trichloroethylene and cancer did not
identify a latent period, information for calculating a latent period, or contained other
deficiencies in follow-up criteria (Wilcosky et al., 1984; Shannon et al., 1988; Blair et al., 1989;
Costa et al., 1989; Sinks et al., 1992; Henschler et al., 1995; Chang et al., 2005; Sung et al.,
2007). Proportionate mortality ratio studies, based only on deaths and which lack information on
person-year structure as cohort studies, by definition, do not contain information on cancer latent
periods or follow-up (ATSDR, 2004; Clapp and Hoffman, 2008).

B.2.6. Interview Approaches in Case-Control Studies of Cancer and Trichloroethylene
(TCE) Exposure

Interview approaches and the percentage of subjects with information obtained from
proxy or next-of-kin respondents need consideration in interpreting population and hospital-
based case-control studies in light of possible biases. Biases resulting from proxy respondent or
from low participation related to mailed questionnaires are not relevant to cohort or geographic
studies since information is obtained from local, national, or corporate records. Both face-to-
face and telephone interviews are common and valid approaches used in population or
hospital-based case-control studies. Important to each is the use of a structured questionnaires
combined with intensive training as ways to minimize a high potential for biases often associated
with mailed questionnaires (Schlesselman, 1982; Blatter et al., 1997). Studies with information
limited to job title, type of business and dates of employment and aided with computer or
job-exposure-matrix approaches are preferred to studies of job title only; the added approaches
can reduce exposure misclassification bias and improve disease risk estimates (Stewart et al.,
1996). Moreover, interview with respondents other than the individual case or control, through
proxy or next-of-kin respondents, may also introduce bias in case-control studies. Proxy
respondents are used when cases or control are either too sick to respond or if deceased. This
bias would dampen observed associations if proxy respondents did not fully provide accurate
information. Boyle et al. (1992), for example, in their study of several site-specific cancers and
occupational exposures found low sensitivity, or correct reporting, for occupational exposure to

solvents among proxy respondents. The weight of evidence analysis on trichloroethylene and
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cancer, for this reason, places greatest weight on observations from studies which obtain
information on personal, medical, and occupational histories from each case and control with
lesser weight is placed on studies where 10 percent or more of interviews are with proxy
respondents.

Many of the more recent case-control studies include face-to-face (McKinney et al.,
1991; Siemiatycki, 1991; Vamvakas et al., 1998; Dosemeci et al., 1999; Costas et al., 2002;
Pesch et al., 2000a, b; Briining et al., 2003; Miligi et al., 2006; Seidler et al., 2007; Wang et al.,
2009) or telephone (Lowengart et al., 1987; Shu et al., 1999, 2004; Charbotel et al., 2006, 2009)
interviews. Few of these studies included interviewers who were blinded or did not know the
identity of who is a case and who is a control; although, many studies assigned exposure to cases
and controls in a blinded manner. Information obtained from mailed questionnaire
predominantly characterized older Nordic studies (Hardell et al., 1981, 1994; Fredriksson et al.,
1989; Persson et al., 1989, 1993; Persson and Fredriksson, 1999; Nordstrom et al., 1998). One
case-control study did not ascertain information from a questionnaire or through interviews,
instead using occupation coded on death certificates to infer TCE exposure potential (Kernan et
al., 1999). In all studies except Costas et al. (2002) and Kernan et al. (1999), assignment of
potential TCE exposure to cases and controls, to different degrees depending on each study, is
based on self-reported information on job title, and in some cases, to specific chemicals.

More common to the case-control studies on trichloroethylene and cancer was possible
bias related to a higher percentage of proxy interviews. Four studies (Dosemeci et al., 1999;
Pesch et al., 2000a, b; Wang et al., 2009) excluded subjects with proxy interviews and the
percentage of proxy interview among subjects in one other study is less than 10 percent
(Nordstrom et al., 1998). Charbotel et al. (2006, 2009) furthermore presents analyses for data
they considered as better quality, including higher confidence exposure information and
excluding proxy respondents, in addition to analyses using both living and proxy respondents. A
consideration of proxy interviews in studies of childhood cancers which include an examination
of paternal occupational exposure is needed given a greater likelihood for bias if fathers are not
directly interviewed and the father’s occupational information is provided only by the child’s
mother. A good practice is for statistical analyses examining paternal occupational exposure to
included only cases and controls with direct information provided by the fathers, such as
De Roos et al. (2001), the only childhood cancer study (neuroblastoma) to exclude the use of

proxy information.
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B.2.7. Sample Size and Approximate Statistical Power

Cancer is generally considered a rare disease compared to more common health outcomes
such as cardiovascular disease. Of all site-specific cancers, endocrine cancers of the breast
prostate and lung cancer are most common, with age-adjusted incidence rates of 126.0 per
100,000 women (breast), 163 per 100,000 men (prostate), and 63.9 per 100,000 men and women
(lung) (Ries et al., 2008). Several site-specific cancers including kidney cancer, liver cancer, and
lymphoma that are of interest to trichloroethylene are rarer and consideration of study size and
the influence on statistical power are factors for judging a study’s validity and assessment of a
study’s contribution to the overall weight-of-evidence for identifying a hazard. For example, the
age-adjusted incidence rates of non-Hodgkin’s lymphoma, liver and intrahepatic bile duct
cancer, and kidney and renal pelvis cancer in the United States population are 19.5 per 100,000,
6.4 per 100,000, and 13.2 per 100,000; rates vary by sex and race. Age-adjusted mortality rates
for these cancers are lower: 7.3 per 100,000 (NHL), 5.0 per 100,000 (liver and intrahepatic bile
duct), 4.2 per 100,000 (kidney and renal pelvis). Rates of the childhood cancer, acute
lymphocytic leukemia, are even lower: 1.6 (incidence) and 0.5 (mortality) per 100,000 (Ries et
al., 2008).

Only very large cohort or case-control studies would have a sufficient number of cases
and statistical power to estimate excess risks and exposure-response relationships (NRC, 2006).
Observations from studies with large numbers of TCE-exposed subjects, given consideration of
exposure conditions and other criteria discussed in this section, can provide useful information
on hazard and may provide quantitative information on possible upper bound trichloroethylene
cancer risks. Alternatively, studies of small numbers of subjects or cases and controls, typically,
studies with statistical power less than 80% to detect risk of a magnitude of 2 or less, are not
likely to provide useful evidence for or against the hypothesis that trichloroethylene is a human
carcinogen.

Studies with either a large number of TCE-exposed subjects or with large numbers of
total deaths, cancer deaths, or cancer cases among TCE-exposed subjects are the cohort studies
of Blair et al. (1998), Raaschou-Nielsen et al. (2003), and Zhao et al. (2005), and the case-control
studies of Pesch et al. (2000a), Shu et al. (1999, 2004 [paternal exposure assessment, only]),
Miligi et al. (2006), and Seidler et al. (2007). The cohorts of Boice et al. (1999, 2006a) and
Morgan et al. (1998), like that of Blair et al. (1998), comprised over 10,000 subjects both with
and without potential TCE exposure; however, the number of subjects and the percentage of the
larger cohort identified with TCE exposure in these studies was less than that in Blair et al.
(1998); 23% of all subjects in Morgan et al. (1998), 3% in Boice et al. (1999), 2% in Boice et al.
(2006a) compared to 50% in Blair et al. (1998). Moreover, although the cohorts of Garabrant et
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al. (1988), Chang et al. (2005) and Sung et al. (2007) are also of population sizes greater than
10,000, these studies of employees at one manufacturing facility lack assignment of potential
TCE exposure to individual subjects and include subjects with varying exposure potential, some
of whom are likely with very low to no exposure potential to TCE. Rate ratios estimated from
cohorts that include unexposed subjects would be underestimated due; although the magnitude of
this bias can not be calculated given the absence in individual studies of information on the
percentage of subjects lacking potential TCE exposure.

Examination of the statistical power or ability to detect a rate ratio magnitude for site-
specific cancer in an epidemiologic study informs weight-of-evidence evaluations and provides
perspective on a study’s validity and robustness of observations. Although statistical power
calculations are traditionally carried out during the design phase for sample size estimation,
examination of a study’s statistical power post hoc is one of several tools to evaluate a study’s
validity; however, such calculations must be interpreted in context of exposure conditions in the
study. Given the lower average exposure concentrations in the cohort studies and in population
case-control studies, an assumption of low relative risks is plausible. Approximate statistical
power to detect a relative risk of 2.0 with a = 0.05 was calculated for site-specific cancers in
cohort and geographic-based studies according to the methods of Beaumont and Breslow (1981),
as suggested by NRC (2006), and are found in Table B-4. Approximate statistical power was
calculated for kidney, NHL, and liver cancers as examples. Radican et al. (2008), the previously
follow-up of this cohort by Blair et al. (1998), and Raaschou-Nielsen et al. (2003) have over 80%
statistical power to detect relative risk of 2.0 for kidney and liver cancers and NHL and overall
TCE exposure. However, while these studies may appear sufficient for examining overall TCE
exposure and relative risks of 2.0, they have a greatly reduced ability to detect underlying risks
of this magnitude in analyses using rank-ordered exposure- or duration-response analyses. Other
studies with fewer TCE-exposed subjects and of similar or lower exposure conditions as Blair et
al. (1998) will decreased statistical power to detect most site-specific cancer risks of less than
2.0. Statistical power in Morgan et al. (1998, 2000) and Boice et al. (1999) approaches that in
Blair et al. (1999) and Raaschou-Nielsen et al. (2003). As further identified in Table B-4,
Garabrant et al. (1988) and Morgan and Cassady each had over 80% statistical power to detect
relative risks of 2.0 for liver and kidney cancer and reflects the number of subjects in each of
these studies. However, underlying risk in both studies and other studies such as these which
lack characterization of TCE exposure to individual subjects is likely lower than 2.0 because of
inclusion of subjects with varying exposure potential, including low exposure potential. Case-
control studies such as Charbotel et al. (2006) and Briining et al. (2003) examine higher level
exposure to TCE than average exposure in the population case-control studies, and although
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these two studies contain fewer subjects than population case-control studies such as Seidler et
al. (2007), a higher statistical power is expected related to the different and higher exposure
conditions and to the higher prevalence of exposure.

Overall, except for a few studies noted above, the body of evidence has limited statistical
power for evaluating low level cancer risk and trichloroethylene. For this reason, studies
reporting statistically significant association between trichloroethylene and site-specific cancer

are noteworthy if positive biases such as confounding are minimal.

B.2.8. Statistical Analysis and Result Documentation

Appropriate analysis approaches characterize most cohort and case-control studies on
trichloroethylene cancer. Many studies clearly documented statistical analyses, evaluated
possible confounding factors, and included an examination of exposure-response. In
occupational cohort studies, potential confounding factors other than age, sex, race, and calendar
year are, generally, not evaluated. Expected numbers of outcomes (deaths or incident cancers)
were calculated using life table analysis and an external comparison group, national or regional
population mortality or incidence rates (Shindell and Ulrich, 1985; Garabrant et al., 1988;
Shannon et al., 1988; Blair et al., 1989; Costa et al., 1989; Sinks et al., 1992; Axelson et al.,
1994; Anttila et al., 1995; Henschler et al., 1995; Morgan et al., 1998; Blair et al., 1998; Boice et
al., 1999, 2006a; Raaschou-Nielsen et al., 2003; Chang et al., 2003, 2005; ATSDR, 2004; Sung
et al., 2007). Risk ratios are also presented in some cohort studies using proportional hazard and
logistic regression statistical methods using mortality or incidence rates of non-TCE exposed
cohort subjects as referent or internal controls (Ritz, 1999a; Blair et al., 1998; Boice et al., 1999,
2006a; Zhao et al., 2005, Radican et al., 2008). Use of a non-TCE exposed referent group
employed at the same facility as exposed generally reduces downward bias or bias having
potential associations masked by a healthy worker work or other factors that may be more
similar within an occupational cohort than between the cohort and the general population.
However, the advantage is minimized if subjects with lower TCE exposure potential are included
in the referent group as in Boice et al. (2006a). One referent group (the SSFL group) of Boice et
al. (2006a) included individuals with low TCE potential, a treatment different from the
overlapping study of Zhao et al. (2005) whose exposure assessment adopted a semi-quantitative
approach, grouping subjects identified with low TCE exposure potential separately from subjects
with no TCE exposure potential. A second referent group of all Rocketdyne workers in Boice et
al. (2006a) for whom TCE exposure potential was not examined may, also, have potential for
greater than background exposure since TCE use was widespread and rocket engine cleaning

occurred at other locations besides at test sites (Morgenstern et al., 1999).
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Table B-4. Approximate statistical power (%) in cohort and geographic-based studies to detect an RR =2

Exposure group NHL Kidney Liver Reference
Cohort studies—incidence
Aerospace workers (Rocketdyne) Zhao et al., 2005
Any exposure to TCE Not reported Not reported | Not reported
Low cumulative TCE score Referent Referent Referent
Medium cumulative TCE score 97.0 43.8 Not reported
High TCE score 58.2 18.7 Not reported
All employees at electronics factory (Taiwan) Chang et al., 2005
Males Not reported Not reported | 16.9
Females Not reported | 92.1° 15.4
Danish blue-collar worker with TCE exposure Raaschou-Nielsen et al., 2003
Any exposure, all subjects 100.0 100.0 100.0
Employment duration, males
<lyr 98.4 96.6 85.2
1-4.9 yrs 99.4 98.4 92.7
>5 yrs 97.7 97.0 93.1
Employment duration, females
<lyr 40.3 30.1 27.3
1-4.9 yrs 48.4 37.1 34.1
>5 yrs 39.6 31.9 30.5
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Table B-4. Approximate statistical power (%) in cohort and geographic-based studies to detect an RR =2

(continued)
Exposure group NHL Kidney Liver Reference
Biologically-monitored Danish workers Hansen et al., 2001
Any TCE exposure 379 47.9 35.7
Cumulative exposure (Ikeda) Not reported | Not reported
<17 ppm-yr 17.9
>17 ppm-yr 20.3
Mean concentration (Ikeda) Not reported | Not reported
<4 ppm 21.0
4+ ppm 23.6
Employment duration Not reported | Not reported
<6.25 yr 18.3
>6.25 20.1
Aircraft maintenance workers from Hill Air Force Base Blair et al., 1998
TCE subcohort Not reported Not reported | Not reported
Males, cumulative exposure
0 Referent Referent Referent
<5 ppm-yr 79.5 67.8 58.2
5-25 ppm-yr 63.1 49.4 44.7
>25 ppm-yr 70.8 58.4 474
Females, cumulative exposure
0 Referent Referent Referent
<5 ppm-yr 28.2 0 cases 0 cases
5-25 ppm-yr 0 cases 0 cases 0 cases
>25 ppm-yr 34.1 0 cases
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Table B-4. Approximate statistical power (%) in cohort and geographic-based studies to detect an RR = 2

(continued)
Exposure group NHL Kidney Liver Reference
Biologically-monitored Finnish workers Anttila et al., 1995
All subjects 53.8 70.4 56.5
Mean air-TCE (Ikeda extrapolation)
<6 ppm 36.8 Not reported | 23.2
6+ ppm 25.6 Not reported | 17.4
Cardboard manufacturing workers in Arnsberg, Germany Henschler et al., 1995
Exposed workers Not reported 16.3 Not reported
Biologically-monitored Swedish workers Axelson et al., 1994
Any TCE exposure, males 435 59.6 0.05
Any TCE exposure, females Not reported Not reported | Not reported
Cardboard manufacturing workers, Atlanta area, GA Sinks et al., 1992
All subjects Not reported 27.9 Not reported
Cohort studies—mortality
Aerospace workers (Rocketdyne)
Any TCE (utility/engine flush) 56.0 43.5 42.6 Boice et al., 2006a
Any exposure to TCE Not reported Not reported | Not reported | Zhao et al., 2005
Low cumulative TCE score Referent Referent Referent
Medium cumulative TCE score 97.0 57.6 Not reported
High TCE score 554 26.4 Not reported
View-Master employees ATSDR, 2004
Males 40.9 17.3 23.4
Females 74.1 24.1 0 deaths
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Table B-4. Approximate statistical power (%) in cohort and geographic-based studies to detect an RR = 2

(continued)
Exposure group NHL Kidney Liver Reference
All employees at electronics factory (Taiwan) Chang et al., 2003
Males 49.8 0 deaths 16.9
Females 79.0 37.5 15.4
United States uranium-processing workers (Fernald) Ritz, 1999a
Any TCE exposure
Light TCE exposure, >2 yrs duration 91.6° 59.7° 10.1
Mod. TCE exposure, >2 yrs duration 20.9° 0 deaths® 0.08
Aerospace workers (Lockheed) Boice et al., 1999
Routine exposure 88.4 71.3 72.9
Duration of exposure, routine-intermittent
0 yrs Referent Referent Referent
<lyr 81.7 66.3 73.6
1-4 yrs 73.5 60.3 63.5
>5 yrs 78.5 63.8 67.3
p for trend
Aerospace workers (Hughes) Morgan et al., 1998
TCE subcohort 42.6,79.6° 65.5 65.6
Low intensity (<50 ppm) 22.1 333 34.7
High intensity (>50 ppm) 31.8 50.1 49.2
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Table B-4. Approximate statistical power (%) in cohort and geographic-based studies to detect an RR = 2

(continued)
Exposure group NHL Kidney Liver Reference
Aircraft maintenance workers (Hill AFB, UT) Blair et al., 1998
TCE subcohort 92.7 81.5 87.9
Males, cumulative exposure
0
<5 ppm-yr 62.1 50.7 61.4
5-25 ppm-yr 43.1 37.1 44.7
>25 ppm-yr 54.8 44.9 52.8
Females, cumulative exposure
0
<5 ppm-yr 18.2 0 deaths 0 deaths
5-25 ppm-yr 0 deaths 8.4 0 deaths
>25 ppm-yr 22.0 11.5 19.1
TCE subcohort 99.9 94 .4 99.7 Radican et al., 2008
Males, cumulative exposure
0
<5 ppm-yr 83.0 43.8 59.4
5-25 ppm-yr 64.9 53.0 70.6
>25 ppm-yr 75.7 334 50.9
Females, cumulative exposure
0
<5 ppm-yr 38.9 0 deaths 25.9
5-25 ppm-yr 0 deaths 12.4 0 deaths
>25 ppm-yr 49.2 21.1 322
Cardboard manufacturing workers in Arnsberg, Germany Henschler et al., 1995
TCE exposed workers 19.6° 16.0 Not reported
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Table B-4. Approximate statistical power (%) in cohort and geographic-based studies to detect an RR = 2

(continued)
Exposure group NHL Kidney Liver Reference
Cardboard manufacturing workers, Atlanta area, GA 45.3° 17.3 Not reported | Sinks et al., 1992
Coast Guard employees (US) Blair et al., 1989
‘ Marine inspectors | 31.8 ‘ 31.8 ‘ 38.6
Aircraft manufacturing plant employees (Italy) Costa et al., 1989
‘ All subjects | 94.1° ‘ Not reported ‘ 63.1
Aircraft manufacturing plant employees (San Diego, CA) Garabrant et al., 1988
| All subjects [95.1, 7427 [90.9 77.9
Geographic based studies
Residents in two study areas in Endicott, NY 90.8 41.7 31.8 ATSDR, 2006
Residents of 13 census tracts in Redlands, CA 100 100.0 98.7 Morgan and Cassady, 2002
Finnish residents Vartiainen et al., 1993
Residents of Hausjarvi 98.8 Not reported | 84.2
Residents of Huttula 98.7 Not reported | 83.2

*Kidney cancer and other urinary organs, excluding bladder, as reported in Sung et al. (2008).

PAll cancers of hematopoietic and lymphatic tissues.
‘Bladder and kidney cancer, as reported in NRC (2006).

Based on number of observed cases of NHL reported in Mandel et al. (2006).

‘Lymphosarcoma and reticulosarcoma.
fOther lymphatic and hematopoietic tissue neoplasms.
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Cohort studies additionally evaluate a limited number of other factors associated with
employment which could be easily obtained from company and other records such as hire date,
time since first employment, socioeconomic status or pay status, and termination date (Greenland
et al., 1994; Boice et al., 1999, 2006a; Zhao et al., 2005), and three studies (Ritz, 1999a; Zhao et
al., 2005; Boice et al., 2006a) included a limited evaluation of smoking using information
collected by survey on smoking patterns from a subgroup of subjects. Neither Morgan et al.
(1998) nor Zhao et al. (2005) control for race in analyses, although Morgan et al. (1998) stated
that “data concerning race were too sparse to use.” The direction of any bias introduced depends
on proportion of nonwhites in the referent (internal) group compared to TCE-exposed and on
differences between racial groups in site-specific cancer incidence and mortality rates. Blair et
al. (1998), furthermore, presumed all subjects of unknown race were white, an assumption with
little associated error as shown later by Radican et al. (2008) whose relative risk estimates were
adjusted for race in follow-up analysis of this cohort.

The case-control studies on trichloroethylene are better able than cohort studies to
evaluate other possible confounders besides age and sex using logistic regression approaches
since such information can be obtained directly through interview and questionnaires. The case-
control studies of Hardell et al. (1994), Nordstrom et al. (1998) and Persson and Fredriksson
(1999) lack evaluation of possible confounding factors other than age, sex and other
demographic information used to match control subjects to case subjects. Renal cell carcinoma
(RCC) case-control studies included evaluation of suggested risk factors for RCC such as
smoking (Siemiatycki, 1991; Vamvakas et al., 1998; Pesch et al., 2000a; Briining et al., 2003;
Charbotel et al., 2006), weight, or obesity (Dosemeci et al., 1999; Charbotel et al., 2006), and
diuretics (Vamvakas et al., 1998; Dosemeci et al., 1999). NHL and childhood leukemia case-
control studies included evaluation and control for possible confounding due to smoking
(Siemiatycki, 1991; Costas et al., 2002; Seidler et al., 2007), alcohol consumption (Costas et al.,
2002; Seidler et al., 2007), education (Miligi et al., 2006; Costantini et al., 2008), although
etiological factors for these cancers are not well identified other than a suggestion of a role of
immune function and some infectious agents in NHL (Alexander et al., 2007).

Mineral oils such as cutting fluids or hydrazine common to some job titles with potential
TCE exposure as machinists, metal workers, and test stand mechanics are included as covariates
in statistical analyses of Zhao et al. (2005), Boice et al. (2006a) and Charbotel et al. (2006,
2009). In all cases, exposure to cutting oils or to hydrazine did not greatly affect magnitude of
risk estimates for TCE exposure.

Geographical studies do not examine possible confounding factors other than sex, age

and calendar year. These studies are generally health surveys using publically-available records
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such as death certificates and lack information on other risk factors such as smoking and
exposure to viruses, important to Lee et al. (2003), introduces uncertainties for informing

evaluations of trichloroethylene and cancer.

B.2.9. Systematic Review for Identifying Cancer Hazards and Trichloroethylene (TCE)
Exposure

The epidemiological studies on cancer and trichloroethylene are reviewed systematically
and transparently using criteria to identify studies for meta-analysis. Section B.3 contains a
description of and comment on 75 studies of varying qualities for identifying cancer hazard, a
question complementary but separate from that examined using meta-analysis. This section
identifies of the studies reviewed, studies in which there is a high likelihood of TCE exposure in
individual study subjects (e.g., based on job-exposure matrices, biomarker monitoring, or
industrial hygiene data indicating a high probability of TCE use) and were judged to have met
the inclusion criteria identified below. Lack of inclusion of an individual study in the meta-
analysis does not necessarily imply an inability to identify cancer hazard. Not all questions
associated with identifying a cancer hazard are addressed using meta-analyses and the 75 studies
with varying abilities approached, to sufficient degrees, the standards of epidemiologic design
and analysis, identified in the beginning of Section B.2.

The NRC (2006) suggested U.S. EPA conduct a new meta-analysis of the epidemiologic
data on trichloroethylene to synthesize the epidemiologic data on TCE exposure. Meta-analysis
approaches are feasible for examining cancers of the liver, kidney, and lymphoma given most
studies presented risks for these sites in their published papers and these cancer sites are of
interest given observations in the animal studies. Examination of site-specific cancers other than
kidney cancer, liver cancer, and lymphoma, such as for childhood leukemia, is more difficult and
not recommended due to few available high-quality studies. NRC (2006) specifically suggested
EPA to:

1. Document essential design features, exposure, and results from the epidemiologic
studies—Information on study design, exposure assessment approach, statistical
analysis, and other aspects important to interpreting observations in a weight of
evidence evaluation for individual studies is found in Section B.3. and
site-specific estimated relative risks or measures of association are presented in
Section 4;

2. Analyze the epidemiologic studies to discriminate the amount of exposure
experience by the study population; exclude studies in meta-analysis based on
objective criteria (e.g., studies in which it was unclear that the study population
was exposed)—Appendix B.3. describes exposure assessment approach for
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individual studies and inclusion criteria for identifying studies for meta-analysis
are identified below;

3. Classify studies in terms of objective characteristics, such as on the basis of the
study’s design characteristics or documentation of exposure —Section B.3.
groups studies by study design, analytical designs and geographic-based designs,
with discussion of factors important to study design, endpoint measured, exposure
assessment approach, study size, and statistical analysis methods including
adjustment for potential confounding exposures;

4. Assess statistical power of each study—Table B.3 presents power calculations for
cohort studies;

5. Combine case-control and cohort studies in the analysis, unless it introduces
substantial heterogeneity—Appendix C discusses the meta-analysis statistical
methods and findings;

6. Testing of heterogeneity (e.g., fixed or random effect models)—Appendix C
discusses the meta-analysis statistical methods and findings;

7. Perform a sensitivity analysis in which each study is excluded from the analysis to
determine whether any study significantly influences the finding—Appendix C
discusses the meta-analysis statistical methods and findings.

Studies selected for inclusion in the meta-analysis met the following criteria: (1) cohort
or case-control designs; (2) evaluation of incidence or mortality; (3) adequate selection in cohort
studies of exposure and control groups and of cases and controls in case-control studies; (4) TCE
exposure potential inferred to each subject and quantitative assessment of TCE exposure for each
subject by reference to industrial hygiene records indicating a high probability of TCE use,
individual biomarkers, job exposure matrices, water distribution models, or obtained from
subjects using questionnaire (case-control studies); (5) relative risk estimates for kidney cancer,
liver cancer, or lymphoma adjusted, at minimum, for possible confounding of age, sex, and race.
Table B-5 in Section B.2.9.4 identifies studies included in the meta-analysis and studies that did

not meet the inclusion criteria and the primary reasons for their deficiencies.

B.2.9.1. Cohort Studies

The cohort studies (Wilcosky et al., 1984; Shindell and Ulrich, 1985; Garabrant et al.,
1988; Shannon et al., 1988; Blair et al., 1989; Costa et al., 1989; Sinks et al., 1992; Axelson et
al., 1994; Greenland et al., 1994; Anttila et al., 1995; Henschler et al., 1995; Ritz, 1999a; Blair et
al., 1998; Morgan et al., 1998; Boice et al., 1999, 2006a; Hansen et al., 2001; Raaschou-Nielsen
et al., 2003; Chang et al., 2003, 2005; Zhao et al., 2005; Krishnadasan et al., 2007; Sung et al.,
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2007, 2008; Radican et al., 2008) with data on the incidence or morality of site-specific cancer in
relation to trichloroethylene exposure range in size (803 [Hansen et al., 2001] to 86,868 [Chang
et al., 2003, 2005]), and were conducted in Denmark, Sweden, Finland, Germany, Taiwan and
the United States (see Table B-1). Three case-control studies nested within cohorts (Wilcosky et
al., 1984; Greenland et al., 1994; Krishnadasan et al., 2007) are considered as cohort studies
because the summary risk estimate from a nested case-control study, the odds ratio, was
estimated from incidence density sampling and is considered an unbiased estimate of the hazard
ratio, similar to a relative risk estimate from a cohort study. Two studies of deaths within a
cohort were included in the group, but these studies lacked information on the person-year
structure; i.e., both are proportionate mortality ratio studies, and did not satisfy the meta-analysis
inclusion criteria for analytical study design (ATSDR, 2004; Clapp and Hoffman, 2008).

Cohort and nested case-control study designs are analytical epidemiologic studies and are
generally relied on for identifying a causal association between human exposure and adverse
health effects (U.S. EPA, 2005). Some subjects in the Hansen et al. study are also included in a
study reported by Raaschou-Nielsen et al. (2003); however, any contribution from the former to
the latter are minimal given the large differences in cohort sizes of these studies (Hansen et al.,
2001; Raaschou-Nielson et al., 2003). Similarly, some females in Chang et al. (2003, 2005), a
large cohort of 70,735 female and 16,133 male subjects, are included in Sung et al. (2007), a
cohort of 63,982 female electronic workers from the same factory who were followed an
additional 4-year period than subjects in Chang et al. (2003, 2005). Cancer observations for
female subjects in these studies are considered as equivalent since they are derived from
essentially the same population. Krishnadasan et al. (2007) is a nested case-control study of
prostate cancer with cases and controls drawn from subjects in a large cohort of aerospace
workers as subjects in Zhao et al. (2005), who did not report on prostate cancer, and met all the
inclusion criteria except that for reporting a relative risk estimate for cancer of the kidney, liver
or lymphoma.

Ten of the cohort studies met all five inclusion criteria: the cohorts of Blair et al. (1998)
and its further follow-up by Radican et al. (2008), Morgan et al. (1998), Boice et al. (1999,
2006a), and Zhao et al. (2005) of aerospace workers or aircraft mechanics; Axelson et al. (1994),
Anttila et al. (1995), Hansen et al. (2001), and Raaschou-Nielsen et al. (2003) of Nordic workers
in multiple industries with TCE exposure; and Greenland et al. (1994) of electrical
manufacturing workers. All ten cohort studies adopted statistical methods, e.g., life table
analysis, Poisson regression analysis, or Cox Proportional Hazard analysis, that met
epidemiologic standards, and were able to control for age, race, sex, and calendar time trends in

cancer rates. Statistical analyses in Boice et al. (1999) adjusted for demographic variable such as

This document is a draft for review purposes only and does not constitute Agency policy.

10/20/09 B-48 DRAFT—DO NOT CITE OR QUOTE



O 00 9 O W B~ W N =

W W W W W W N N NN NN NN N N N e e e e e e e e e
wn A W NN = © OV 0 9 O L A W N = © O 0 IO N B W N —= O

age, race, and sex, and, also, included date of first employment and terminating date of
employments, which may have decreased the statistical power of their analyses due to colinearity
between age, first and last employment dates. Statistical analyses in Zhao et al. (2005) and
Boice et al. (2006a) adjusted for potential effects by other occupational exposures on cancer and
both Raaschou-Nielsen et al. (2003) and Zhao et al. (2005) examined possible confounding by
smoking on TCE exposure and cancer risks using indirect approaches.

Of the ten studies, two studies reported risk estimates for both site-specific cancer
incidence and mortality (Blair et al., 1998; its follow-up by Radican et al., (2008); Zhao et al.,
2005), four studies reported risk estimates for cancer incidence only (Axelson et al., 1994;
Anttila et al., 1995; Hansen et al., 2001; Raaschou-Nielsen et al., 2003; Krishnadasan et al.,
2007) and three studies reported risk estimates for mortality only (Morgan et al., 1998; Boice et
al., 1999, 2006a). Incidence ascertainment in two cohorts began 21 (Blair et al., 1998) and
38 years (Zhao et al., 2005) after the inception of the cohort. Specifically, Zhao et al. (2005)
note “results may not accurately reflect the effects of carcinogenic exposure that resulted in
nonfatal cancers before 1988.” Because of the issues concerning case ascertainment raised by
this incomplete coverage, incidence observations must be interpreted in light of possible bias
reflecting incomplete ascertainment of incident cases. Furthermore, use of an internal referent
population, nonexposed subjects drawn from the same or near-by facilities as exposed workers,
in Blair et al. (1998) and Radican et al. (2008) for overall TCE exposure, and in Blair et al.
(1998), Morgan et al. (1998), Boice et al. (1999), Zhao et al. (2005), Boice et al. (2006a), and
Radican et al. (2008) for rank-ordered TCE exposure is expected to reduce bias associated with
the healthy worker effect. Morgan et al. (1998) presents risk estimates for overall TCE exposure
comparing mortality in their TCE subcohort to that expected using mortality rate of the U.S.
population in an Environmental Health Strategies Final Report and sent to U.S. EPA by Paul
Cammer, Ph.D., on behalf of the Trichloroethylene Issues Group (Environmental Health
Strategies, 1997). The final report also contained risk estimates from internal analyses of rank-
order TCE exposure and published as Morgan et al. (1998). Both internal cohort analyses of the
rank-ordered exposure, presented in both the final report of Environment Health Strategies
(1997) and Morgan et al. (1998), and overall TCE exposure, available in the final report or upon
request, are based on the same group of internal referents, nonexposed TCE subjects employed at
the same facility.

Subjects in these studies had a high likelihood or potential for TCE exposure, although
estimated average exposure intensity for overall TCE exposure in some cohorts was considered
as less than 10 or 20 ppm (time-weighted average). The exposure assessment techniques used in

these cohort studies included a detailed job-exposure matrix (Greenland et al., 1994; Blair et al.,
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1998; its follow-up by Radican et al., 2008; Morgan et al., 1998; Boice et al., 1999, 2006a; Zhao
et al., 2005; Radican et al. (2008), biomonitoring data (Axelson et al., 1994; Anttila et al., 1995;
Hansen et al., 2001), or use of industrial hygiene data on TCE exposure patterns and factors that
affect such exposure (Raaschou-Nielsen et al., 2003), with high probability of TCE exposure
potential to individual subjects. The job-exposure matrix in six studies provided rank-ordered
surrogate metrics for TCE exposure (Axelson et al., 1994; Anttila et al., 1995; Hansen et al.,
2001; Blair et al., 1998 and its follow-up by Radican et al., 2008; Zhao et al., 2005), a strength
compared to use of duration of employment as an exposure surrogate, ¢.g., Boice et al. (1999,
2006a) or Raachou-Nielsen et al. (2003), which is a poorer exposure metric given subjects may
have differing exposure intensity with similar exposure duration (NRC, 2006). Rank-ordered
TCE dose surrogates for low and medium exposure from the job-exposure matrix of Morgan et
al. (1998) are uncertain because of a lack on information on frequency of exposure-related tasks
and on temporal changes (NRC, 2006); only the high category for TCE exposure is
unambiguous. The nested case-control study of Greenland et al. (1994) examined TCE as one of
seven exposures and potential assigned to individual cases and controls using a job-exposure-
matrix approach. However, the low exposure prevalence, missing job history information for
34% of eligible subjects, and study of pensioned workers only were other factors judged to lower
this study’s sensitivity for cancer hazard identification.

The remaining cohort studies (Wilcosky et al., 1984; Shindell and Ulrich, 1985;
Garabrant et al., 1988; Shannon et al., 1988; Blair et al., 1989; Costa et al., 1989; Sinks et al.,
1992; Henschler et al., 1995; Ritz, 1999a; Chang et al., 2003, 2005; Sung et al., 2007, 2008) less
satisfactorily meet inclusion criteria. These studies, while not meeting the meta-analysis
inclusion criteria, can inform the hazard analysis although their findings are weighted less than
for observations in higher-quality studies, and observations may have alternative causes.
Reasons for study insufficiencies varied. Nine studies do not assign TCE exposure potential to
individual subjects (Shindell and Ulrich, 1985; Garabrant et al., 1988; Costa et al., 1989; Sinks et
al., 1992; Chang et al., 2003, 2005; ATSDR, 2004; Sung et al., 2007, 2008; Clapp and Hoffman,
2008); all subjects are presumed as “exposed” because of employment in the plant or facility
although individual subjects would be expected to have differing exposure potentials.

TCE exposure potential is ambiguous in both Wilcosky et al. (1984) and Ritz (1999a),
two studies of low potential, low intensity TCE exposure compared to studies using exposure
assessment approaches supported by information on job titles, tasks, and industrial hygiene
monitoring data. Furthermore, high correlation in Ritz (1999a) between TCE and other
exposures, particularly cutting fluids and radiation, may not have been sufficiently controlled in

statistical analyses. Ritz et al. (1999a), furthermore, did not report estimated relative risks for
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kidney or lymphoma separately; rather, presenting relative risk estimates for kidney and bladder
cancer combined and for all hemato- and lymphopoietic cancers.

Two studies do not sufficiently define the underlying cohort or there is uncertainty in
cancer case or death ascertainment (Shindell and Ulrich, 1985; Henschler et al., 1995).
Furthermore, magnitude of observed risk in Henschler et al. (1995), ATSDR (2004) and Clapp
and Hoffman (2008) must be interpreted in a weight-of-evidence evaluation in light of possible
bias introduced through use of analysis of proportion of deaths (proportionate mortality ratio) in
ATSDR (2004) and Clapp and Hoffman (2008), or to inclusion of index kidney cancer cases in
Henschler et al. (1995).

B.2.9.2. Case-Control Studies

Case-control studies on TCE exposure are of several site-specific cancers and include
bladder (Siemiatycki, 1991; Siemiatycki et al., 1994; Pesch et al., 2000a); brain (Heineman et al.,
1994; De Roos et al., 2001; childhood lymphoma or leukemia (Lowengart et al., 1987;
McKinney et al., 1991; Shu et al., 1999, 2004; Costas et al., 2002); colon cancer (Siemiatycki,
1991; Goldberg et al., 2001); esophageal cancer (Siemiatycki, 1991; Parent et al., 2000a); liver
cancer (Lee et al., 2003); lung (Siemiatycki, 1991), lymphoma (Hardell et al., 1994 [NHL,
Hodgkin lymphomal]; Siemiatycki, 1991; Fritschi and Siemiatycki, 1996a; Nordstrom et al.,
1998; [hairy cell leukemia]; Persson and Fredriksson, 1999 [NHL]; Miligi et al., 2006 [NHL and
chronic lymphocytic leukemia (CLL)]; Seidler et al., 2007 [NHL, Hodgkin lymphomal;
Constantini et al., 2008 [leukemia types, CLL included in Miligi et al., 2006]; Wang et al., 2009
[NHL]); melanoma (Siemiatycki, 1991; Fritchi and Siemiatycki, 1996b); rectal cancer
(Siemiatycki, 1991; Dumas et al., 2000); renal cell carcinoma, a form of kidney cancer
(Siemiatycki, 1991; Parent et al., 2000b; Vamvakas et al., 1998; Dosemeci et al., 1999; Pesch et
al., 2000b; Briining et al., 2003; Charbotel et al., 2006, 2009); pancreatic cancer (Siemiatycki,
1991); and prostate cancer (Siemiatycki, 1991; Aronson et al., 1996). No case-control studies of
reproductive cancers (breast or cervix) and TCE exposure were found in the peer-reviewed
literature.

Several of the above publications are studies of cases and controls drawn from the same
underlying population with a common control series. Miligi et al. (2006) and Costantini et al.
(2008) presented observations from the Italian multicenter lymphoma population case-control
study; Miligi et al. (2006) on occupation or specific solvent exposures and NHL, and who also
included CLL and Hodgkin’s lymphoma in the overall NHL category, and Costantini et al.
(2008) who examined leukemia subtypes, and included CLL as a separate disease outcome.

Pesch et al. (2000a, b), a multiple center population case- control study of urothelial cancers in
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Germany, presented observations on TCE and bladder cancer, including cancer of the ureter and
renal pelvis, in Pesch et al. (2000a) and renal cell carcinoma in Pesch et al. (2000b). Siemiatycki
(1991), a case-control of occupational exposures and several site-specific cancers (bladder,
colon, esophagus, lung, rectum, pancreas, and prostate) and designed to generate hypotheses
about possible occupational carcinogens, presents risk estimates associated with TCE exposure
using Mantel-Haentszel methods. Subsequent publications examine either TCE exposure
(analyses of melanoma and colon cancers) or job title/occupation (all other cancer sites) using
logistic regression methods (Siemiatycki et al., 1994; Aronson et al., 1996; Fritchi and
Siemiatycki, 1996a, b; Dumas et al., 2000; Parent et al., 2000a, b; Goldberg et al., 2001).

The population case-control studies with data on cancer incidence (Siemiatycki, 1991
[and related publications, Siemiatycki et al., 1994; Aronson et al., 1996; Fritchi and Siemiatycki,
19964, b; Dumas et al., 2000; Parent et al., 2000a, b; Goldberg et al., 2001]; Lowengart et al.,
1987; McKinney et al., 1991; Hardell et al., 1994; Nordstrom et al., 1998; Vamvakas et al., 1998;
Dosemeci et al., 1999; Kernan et al., 1999; Persson and Fredriksson, 1999; Pesch et al., 2000a, b;
De Roos et al., 2001; Costas et al., 2002; Briining et al., 2003; Shu et al., 2004; Charbotel et al.,
2006, 2009; Miligi et al., 2006; Seidler et al., 2007; Constantini et al., 2008; Wang et al., 2009)
or mortality (Heineman et al., 1994; Lee et al., 2003) in relation to trichloroethylene exposure
range in size, from small studies with less than 100 cases and control (Costas et al., 2002) to
multiple-center studies large-scale studies of over 2,000 cases and controls (Shu et al., 1999,
2004; Pesch et al., 2000a, b; Miligi et al., 2006; Costantini et al., 2008), and were conducted in
Sweden, Germany, Italy, Taiwan, Canada and the United States (see Table B-2).

Thirteen of the case-control studies met the meta-analysis inclusion criteria identified in
Section B.2.9 (Siemiatycki, 1991; Hardell et al., 1994; Nordstrom et al., 1998; Dosemeci et al.,
1999; Persson and Fredriksson, 1999; Pesch et al., 2000 b; Briining et al., 2003; Miligi et al.,
2006; Charbotel et al., 2006, 2009; Seidler et al., 2007; Constantini et al., 2008, Wang et al.,
2009). They were of analytical study design, cases and controls were considered to represent
underlying populations and selected with minimal potential for bias; exposure assessment
approaches included assignment of TCE exposure potential to individual subjects using
information obtained from face-to- face, mailed, or telephone interviews; analyses methods were
appropriate, well-documented, included adjustment for potential confounding exposures, with
relative risk estimates and associated confidence intervals reported for kidney cancer, liver
cancer or lymphoma.

All thirteen studies evaluated TCE exposure potential to individual cases and controls and
a structured questionnaire sought information on self-reported occupational history and specific

exposures such as TCE. Three studies assigned TCE exposure potential to cases and controls
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using self-reported information (Hardell et al., 1994; Nordstrom et al., 1998; Persson and
Fredriksson, 1999) and two of these studies used judgment to assign potential exposure intensity
(Nordstrom et al., 1998; Persson and Fredriksson, 1999). Persson and Fredriksson (1999) also
assigned TCE exposure potential from both occupational and leisure use, the only study to do so.
The ten other studies assigned TCE exposure potential using self-reported job title and
occupational history, a superior approach compared to use of a job exposure matrix (JEM)
supported by expert judgment and information on only self-reported information given its expect
greater specificity (Siemiatycki, 1991; Dosemeci et al., 1999; Pesch et al., 2000b; Briining et al.,
2003; Miligi et al., 2006; Charbotel et al., 2006, 2009; Seidler et al., 2007; Constantini et al.,
2008, Wang et al., 2009). Pesch et al. (2000b) assigned TCE exposure potential using both job
exposure matrix and job-task exposure matrix (JTEM). The inclusion of task information is
considered superior to exposure assignment using only job title since it likely reduces potential
misclassification and, for this reason, relative risk estimates in Pesch et al. (2000b) for TCE from
a JTEM are preferred. All studies except Hardell et al. (1994) and Dosemeci et al. (1999)
developed a semiquantitative or quantitative TCE exposure surrogate.

These studies to varying degrees were considered as high-quality studies for weight-of
evidence characterization of hazard. Both Briining et al. (2003) and Charbotel et al. (2006,
2009) had a priori hypotheses for examining renal cell carcinoma and TCE exposure. Strengths
of both studies are in their examination of populations with potential for high exposure intensity
and in areas with high frequency of TCE usage and their assessment of TCE potential. An
important feature of the exposure assessment approach of Charbotel et al. (2006) is their use of a
large number of studies on biological monitoring of workers in the screw-cutting industry a
predominant industry with documented TCE exposures as support. The other studies were either
large multiple-center studies (Pesch et al., 2000a, b; Miligi et al., 2006; Constantini et al., 2008;
Wang et al., 2009) or reporting from one location of a larger international study (Dosemeci et al.,
1999; Seidler et al., 2007). In contrast to Briining et al. (2003) and Charbotel et al. (2006, 2009),
two studies conducted in geographical areas with widespread TCE usage and potential for
exposure to higher intensity, a lower exposure prevalence to TCE is found [any TCE exposure:
15% of cases (Dosemeci et al., 1999); 6% of cases (Miligi et al., 2006); 13% of cases (Seidler et
al., 2007); 13% of cases (Wang et al., 2008)] and most subjects identified as exposed to TCE
probably had minimal contact [3% of cases with moderate/high TCE exposure (Miligi et al.,
2006); 1% of cases with high cumulative TCE (Seidler et al., 2007); 2% of cases with high
intensity, but of low probability TCE exposure (Wang et al., 2008)]. This pattern of lower
exposure prevalence and intensity is common to community-based population case-control
studies (Teschke et al., 2002).
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Thirteen case-control studies did not meet specific inclusion criterion (Siemiatycki et al.,
1994; Aronson et al., 1996; Fritchi and Siemiatycki, 1996b; Dumas et al., 2000; Parent et al.,
2000a; Goldberg et al., 2001; Vamvakas et al., 1998; Kernan et al., 1999; Shu et al., 1999, 2004;
Pesch et al., 2000a; Costas et al., 2002; Lee et al., 2003). Vamvakas et al. (1998) has been
subject of considerable controversy (Bloemen and Tomenson, 1995; Swaen, 1995; McLaughlin
and Blot, 1997; Green and Lash, 1999; Cherrie et al., 2001; Mandel, 2001) with questions raised
on potential for selection bias related to the study’s controls. This study was deficient in the
criterion for adequacy of case and control selection. Briining et al. (2003), a study from the same
region as Vamvakas et al. (1998), is considered a stronger study for identifying cancer hazard
since it addresses many of the deficiencies of Vamvakas et al. (1998). Lee et al. (2003) in their
study of hepatocellular cancer assigns one level of exposure to all subjects in a geographic area,
and inherent measurement error and misclassification bias because not all subjects are exposed
uniformly. Additionally, statistical analyses in this study did not control for hepatitis viral
infection, a known risk factor for hepatocellular cancer and of high prevalence in the study area,
Ten of twelve studies reported relative risk estimates for site-specific cancers other than kidney,
liver, and lymphomas (Siemiatycki et al., 1994; Aronson et al., 1996; Fritchi and Siemiatycki,
1996b; Kernan et al., 1999; Dumas et al., 2000; Parent et al., 2000a; Pesch et al., 2000a;
Goldberg et al., 2001; Shu et al., 1999, 2004; Costas et al., 2002).

B.2.9.3. Geographic-Based Studies

The geographic-based studies (Isacson et al., 1985; AZ DHS, 1990, 1995; Aickin et al.,
1992; Aickin, 2004; Mallin, 1990; Vartiainen et al., 1993; Cohn et al., 1994, Morgan and
Cassady, 2002; ATSDR, 2006a, 2008) with data on cancer incidence (all studies) are correlation
studies to examine cancer outcomes of residents living in communities with TCE and other
chemicals detected in groundwater wells or in municipal drinking water supplies. These eight
studies did not meet inclusion criteria and were deficient in a number of criteria.
All geographic-based studies are surveys of cancer rates for a defined time period among
residents in geographic areas with TCE contamination in groundwater or drinking water
supplies, or soil and are not of analytical designs such as cohort and case-control designs. A
major shortcoming in all studies is, also, their low level of detail to individual subjects for TCE
potential. The exposure surrogate is assigned to a community, town, or a geographically-defined
area such as a contiguous grouping of census tracts as an aggregate level, typically based on
limited number of water monitoring data from a recent time period and is a poor exposure
surrogate because potential for TCE exposure can vary in these broad categories depending on

job function, year, use of personal protection, and, for residential exposure, pollutant fate and
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transport, water system distribution characteristics, percent of time per day in residence, presence
of mitigation devices, drinking water consumption rates, and showering times. Additionally,
ATSDR (2008), the only geographic-based study to examine other possible risk factors on
individual subjects, reported smoking patterns and occupational exposures may partly contribute
to the observed elevated rates of kidney and renal pelvis cancer and lung cancer in subjects living
in a community with contaminated groundwater and with TCE exposure potential from vapor

intrusion into residences.

B.2.9.4. Recommendation of Studies for Treatment Using Meta-Analysis Approaches

All studies are initially considered for inclusion in the meta-analysis; however, as
discussed through-out this section, some studies are better than others for inclusion in a
quantitative examination of cancer and trichloroethylene. Studies included in the meta-analysis
(statistical methods and findings discussed in Appendix C) met the following five inclusion
criteria: (1) cohort or case-control designs; (2) evaluation of incidence or mortality; (3) adequate
selection in cohort studies of exposure and control groups and of cases and controls in case-
control studies; (4) TCE exposure potential inferred to each subject and quantitative assessment
of TCE exposure assessment for each subject by reference to industrial hygiene records
indicating a high probability of TCE use, individual biomarkers, job exposure matrices, water
distribution models, or obtained from subjects using questionnaire (case-control studies); (5)
relative risk estimates for kidney cancer, liver cancer, or lymphoma adjusted, at minimum, for
possible confounding of age, sex, and race. The twenty-three studies that met these inclusion
are: Siemiatycki (1991), Axelson et al. (1994), Greenland et al. (1994), Hardell et al. (1994),
Anttila et al. (1995), Blair et al. (1998), Morgan et al. (1998), Nordstrom et al. (1998), Dosemeci
et al. (1999), Boice et al. (1999, 2006a), Persson and Fredriksson (1999), Pesch et al. (2000b),
Hansen et al. (2001), Briining et al. (2003), Raaschou-Nielsen et al. (2003), Zhao et al. (2005),
Miligi et al. (2006), Charbotel et al. (2006, 2009), Seidler et al. (2007), Radican et al. (2008), and
Wang et al. (2009). Table B-5 identifies studies included in the meta-analysis and studies that
did not meet the inclusion criteria and the primary reasons for their deficiencies.

There is some overlap between the cohorts of Zhao et al. (2005) and Boice et al. (2006a),
each cohort is identified from a population of workers, but these studies differ on cohort
definition, cohort identification dates, disease outcome examined, and exposure assessment
approach. Zhao et al. (2005) who adopted a semiquantitative approach for TCE exposure
assessment is preferred to Boice et al. (2006a), whose TCE subcohort included subjects with a
lower likelihood for TCE exposure and duration of exposure, a poor exposure metric given

subjects may have differing exposure intensity with similar exposure duration (NRC, 2006).
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Additionally, a larger number of site-specific cancer deaths identified with potential TCE
exposure is observed by Zhao et al. (2005) compared to Boice et al. (2006a); e. g., 95 lung
cancer cases with medium or high TCE exposure (Zhao et al., 2005) and 51 lung cancer cases
with any TCE exposure (Boice et al., 2006a) (see further discussion in B.3.1.1.1.3.). Radican et
al. (2008) studied the same subjects as Blair et al. (1998), adding an additional 10 years of
follow-up and updating mortality. Observed site-specific cancer mortality risk estimates in
Radican et al. (2008) did not change appreciably and were consistent with those reported in Blair
et al. (1998) and is preferred. Blair et al. (1998) who also presented incidence relative risk

estimates is recommended for inclusion in sensitivity analyses.

B.3. INDIVIDUAL STUDY REVIEWS AND ABSTRACTS
B.3.1. Cohort Studies
B.3.1.1. Studies of Aerospace Workers

Seven papers reported on cohort studies of aerospace or aircraft maintenance and

manufacturing workers in large facilities.

B.3.1.1.1.  Studies of Santa Susanna Field Laboratory workers. Trichloroethylene exposure
to workers at Santa Susanna Field Laboratory (SSFL), an aerospace facility located nearby Los
Angeles, California, operated by Rocketdyne/Atomics International, formerly a division of
Boeing and currently owned by Pratt-Whitney, is subject of two research efforts: (1) the
University of California at Los Angeles (UCLA) study, overseen by the California Department
of Health Services and funded by the U.S. Department of Energy (DOE) (Morgenstern et al.,
1997, 1999; Ritz et al., 1999) with two publications on trichloroethylene exposure and cancer
incidence (Zhao et al., 2005; Krishnadasan et al., 2007) and mortality (Zhao et al., 2005); and,
(2) the International Epidemiology Institute study (IEI), funded by Boeing after publication of
the initial UCLA reports, of all Rocketdyne employees which included a mortality analysis of
trichloroethylene exposure in a subcohort of SSFL test stand mechanics (Boice et al., 2006a). In
addition to chemical exposure, both groups examine radiation exposure and cancer among
Rocketdyne workers monitored for radiation (Ritz et al., 2000; Boice et al., 2006b).
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Table B-5. Summary of rationale for study selection for meta-analysis

Decision
Outcome

Studies

Primary reason(s)

Studies Recommended for Meta-analysis:

Siemiatycki, 1991; Axelson et al., 1994;
Hardell, 1994; Greenland et al., 1994;
Anttila et al., 1995; Morgan et al., 1998;
Nordstrom et al., 1998; Boice et al., 1999,
2006a; Dosemeci et al., 1999; Persson and
Fredriksson, 1999; Pesch et al., 2000b;
Hansen et al., 2001; Briining et al., 2003;
Raaschou-Nielsen et al., 2003; Zhao et al.,
2005; Miligi et al., 2006; Seidler et al.,
2007; Charbotel et al., 2006, 2009; Radican
et al., 2008 [Blair et al., 1998, incidence];
Wang et al., 2009

Analytical study designs of cohort or case-control approaches;
Evaluation of cancer incidence or cancer mortality;
Specifically identified TCE exposure potential to individual
study subjects by reference to industrial hygiene records,
individual biomarkers, job exposure matrices, water distribution
models, industrial hygiene data indicating a high probability of
TCE use (cohort studies), or obtained information on TCE
exposure from subjects using questionnaire (case-control
studies);

Reported results for kidney cancer, liver cancer, or lymphoma
with relative risk estimates and corresponding confidence
intervals (or information to allow calculation).

Studies Not Recommended for Meta-analysis:

ATSDR, 2004; Clapp and Hoffman, 2008
Cohn et al., 1994

Weakness with respect to analytical study design (i.e.,
geographic-based, ecological or proportional mortality ratio
design)

Wilcosky et al., 1984; Isacson et al., 1985;
Shindell and Ulrich, 1985; Garabrant et al.,
1988; Shannon et al., 1988; Blair et al.,
1989; Costa et al., 1989; AZ DHS, 1990,
1995; Mallin, 1990; Aickin et al., 1992;
Sinks et al., 1992; Vartiainen et al., 1993;
Morgan and Cassady, 2002; Lee et al.,
2003; Aickin, 2004; Chang et al., 2003,
2005; Coyle et al., 2005; ATSDR, 2006a,
2008; Sung et al., 2007, 2008;

TCE exposure potential not assigned to individual subjects using
job exposure matrix, individual biomarkers, water distribution
models, or industrial hygiene data indicating a high probability
of TCE use (cohort studies)

Lowengart et al., 1987; Fredriksson et al.,
1989; McKinney et al., 1991; Heineman et
al., 1994; Siemiatycki et al., 1994; Aronson
et al., 1996; Fritchi and Siemiatycki,
1996b; Dumas et al., 2000; Kernan et al.,
1999; Shu et al., 1999, 2004; Parent et al.,
2000a; Pesch et al., 2000a; De Roos et al.,
2001; Goldberg et al., 2001; Costas et al.,
2002; Krishnadasan et al., 2007;

Cancer incidence or mortality reported for cancers other than
kidney, liver, or lymphoma

Ritz, 1999a

Subjects monitored for radiation exposure with likelihood for
potential confounding;

Cancer mortality and TCE exposure not reported for kidney
cancer and all hemato- and lymphopoietic cancer reported as
broad category

Henschler et al., 1995

Incomplete identification of cohort and index kidney cancer
cases included in case series

Vamvakas et al., 1998

Control selection may not represent case series with potential for
selection bias
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B.3.1.1.1.1. International epidemiology institute study of Rocketdyne workers.
B.3.1.1.1.1.1. Boice et al. (2006a).
B.3.1.1.1.1.1.1. Author’s abstract.

Objective: The objective of this study was to evaluate potential health risks
associated with testing rocket engines. Methods: A retrospective cohort mortality
study was conducted of 8372 Rocketdyne workers employed 1948 to 1999 at the
Santa Susana Field Laboratory (SSFL). Standardized mortality ratios (SMRs) and
95% confidence intervals (Cls) were calculated for all workers, including those
employed at specific test areas where particular fuels, solvents, and chemicals were
used. Dose-response trends were evaluated using Cox proportional hazards
models. Results: SMRs for all cancers were close to population expects among
SSFL workers overall (SMR = 0.89; CI = 0.82-0.96) and test stand mechanics in
particular (n = 1651; SMR = 1.00; CI = 0.86-1.1.6), including those likely
exposure to hydrazines (n =315; SMR = 1.09; CI = 0.75-1.52) or trichloroethylene
(TCE) (n=1111; SMR = 1.00; CI = 0.83-1.19). Nonsignificant associations were
seen between kidney cancer and TCE, lung cancer and hydrazines, and stomach
cancer and years worked as a test stand mechanic. No trends over exposure
categories were statistically significant. Conclusion: Work at the SSFL rocket
engine test facility or as a test stand mechanic was not associated with a significant
increase in cancer mortality overall or for any specific cancer.

B.3.1.1.1.1.1.2. Study description and comment. Boice et al. (2006a) examined all cause, all

cancer and site-specific mortality in a subcohort of 1,651 male and female test stand mechanics
who had been employed on or after 1949 to 1999, the end of follow-up, for at least 6 months at
SSFL. Subjects were identified from 41,345 male and female Rocketdyne workers at SSFL

(n =8.372) and two nearby facilities (32,979). Of the 1,642 male test stand mechanics,

9 females were excluded due to few numbers, personnel listing in company phone directories
were used to identify test stand assignments (and infer potential specific chemical exposures) for
1,440 subjects, and of this group, 1,111 male test stand mechanics were identified with potential
trichloroethylene exposure either from the cleaning of rocket engines between tests or from more
generalized use as a utility degreasing solvent. Cause-specific mortality is compared to several
referents: (1) morality rates of the U.S. population, (2) mortality rates of California residents,

(3) hourly nonadministrative workers at SSFL and two nearby facilities, and (4) 1,598 SSFL
hourly workers; however, the published paper does not clearly present details of all analyses.
For example, the referent population is not identified for the standardized mortality ratio (SMR)
analysis of the 1,111 male subjects with TCE potential exposure and analyses examining
exposure duration present point estimates and p-values from tests of linear trend, but not always

confidence intervals (e.g., Boice et al. [2006a, Table 7] table footnotes).
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Exposure assessment to trichloroethylene is qualitative without attempt to characterize
exposure level as was done in the exposure assessment approach of Zhao et al. (2005) and
Krishnadsen et al. (2007). Test stand mechanics were nonadministrative hourly positions and
had the greatest potential for chemical exposures to TCE and hydrazine. Potential exposure to
chemicals also existed for other subjects associated with test stand work such as instrument
mechanics, inspectors, test stand engineers, and research engineers potential for chemical
exposure, although Boice et al. (2006a) considered their exposure potential lower compared to
that received by test stand mechanics and, thus, were not included in the cohort. Like that
encountered by UCLA researchers, work history information in the personnel file was not
specific to identify work location and test stand and Boice et al. (2006a) adopted ancillary
information, company phone directories, as an aid to identify subjects with greater potential for
TCE exposure. From these aids, investigators identified rocket stand assignment for 1,440 or
87% of the SSFL test stand mechanics. Bias is introduced through missing information on the
other 211 subjects or if phone directories were not available for the full period of the study. Test
stand mechanics, if exposed, had the likelihood for exposure to high TCE concentrations
associated with flushing or cleaning of rocket engines; 593 of the 1,111 subjects (53%) were
identified as having potential TCE exposure through rocket engine cleaning. The removal or
flushing of hydrocarbon deposits in fuel jackets and in liquid oxygen dome of large engines
entailed the use of 5 to 100 gallons of TCE, with TCE use starting around 1956 and ceased by
the late 1960’s at all test stands except one which continued until 1994. No information was
provided on test stand and working conditions or the frequency of exposure-related tasks, and no
atmospheric monitoring data were available on TCE. A small number of these subjects (121)
also had potential exposure to hydrazines. The remaining 518 subjects in the TCE subcohort
were presumed exposed to TCE as a utility solvent. Information on use of TCE as a utility
solvent is lacking except that TCE as a utility solvent was discontinued in 1974 except at one test
stand where it was used until 1984. These subjects have a lower likelihood of exposure
compared to subjects with TCE exposure from cleaning rocket engines.

Several study design and analysis aspects limit this study for assessing risks associated
with trichloroethylene exposure. Overall, exposures were likely substantially misclassified and
their frequency likely low, particularly for subjects identified with TCE use as a utility solvent
who comprise roughly 50% of the TCE subcohort. Analyses examining number of years
employed at SSFL or worked as test stand mechanic as a surrogate for cumulative exposure has a
large potential for misclassification bias due to the lack of air monitoring data and inability to
account to temporal changes in TCE usage. Moreover, the exposure metric used in some dose-

response analyses is weighted by the number of workers without rationale provided and would
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introduce bias if the workforce changed over the period covered by this study. Some information
suggests this was likely (1) the number of cohort subjects entering the cohort decreased over the
time period of this study, as much as a 20% decrease between 1960’s and 1970s, and

(2) ancillary information (http://www.thewednesdayreport.com/twr/twrd8v7.htm, accessed
March 11, 2008; DOE Closure Project, http://www.etec.energy.gov/Reading-
Room/DeSoto.html, accessed March 11, 2008). Study investigators did not carry out exposure
assessment for referents and no information is provided on potential trichloroethylene exposure.
If referents had more than background exposure, likely for other hourly subjects with direct
association with test stand work but with a job title other than test stand mechanic, the bias
introduced leads to an underestimation of risk. TCE use at SSFL was widespread and rocket
engine cleaning occurred at other locations besides at test sites (Morgenstern et al., 1999),

locations from which the referent population arose.
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Boice JD, Marano DE, Cohen SS, Mumma MT, Blott WJ, Brill AB, Fryzek JP, Henderson BE, McLaughlin JK. 2006a.
Mortality among Rocketdyne workers who tested rocket engines, 1948-1999. J Occup Environ Med 48:1070—-1092.

Description

CATEGORY A: STUDY DESIGN

Clear articulation of study objectives or
hypothesis

From abstract “objective of this study was to evaluate potential health risks
associated with testing rocket engines.”

Selection and characterization in cohort
studies of exposure and control groups and of
cases and controls in case-control studies is
adequate

54,384 Rocketdyne workers of which 41,351 were employed on or after 1-1-1948
and for at least 6 mos at Santa Susana Field Laboratory or nearby facilities. Of the
41,351 subjects, 1,651 were identified as having a job title of test stand mechanic and
exposure assignments could be made for 1,440 of these subjects.

Site-specific mortality rates of U.S. population and of all-other Rocketdyne
employees. Potential TCE exposures of all other subjects (referents) not documented
but investigators assumed referents are unexposed to TCE.

CATEGORY B: ENDPOINT MEASURED

Levels of health outcome assessed

Mortality from 1948 to 12-31-1999.

Changes in diagnostic coding systems for
lymphoma, particularly non-Hodgkin’s
lymphoma

Coding to ICD in use at time of death.

CATEGORY C: TCE-EXPOSURE CRITERIA

Exposure assessment approach, including
adoption of JEM and quantitative exposure
estimates

Qualitative exposure assessment, any TCE exposure. No quantitative information on
TCE intensity by job title or to individual subjects or referents.

Missing exposure potential to 12% of test stand mechanics; potential exposure
hydrazine and/or TCE assigned to 1,440 of 1,651 test stand mechanics. Of 1,440 test
stand mechanics, 1,111%* identified with potential TCE exposure, 518 of the

1,111 identified as having presumed high intensity exposure from the cleaning of
rocket engines. The remaining 593 subjects with potential exposure to TCE through
use as “utility solvent,” a job task with low likelihood or potential for TCE exposure.
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CATEGORY D: FOLLOW-UP (COHORT)

More than 10% loss to follow-up

0.4% for test stand mechanic cohort (1,651 subjects).

>50% cohort with full latency

35 years average follow-up; 88% of 1,651 test stand mechanics >20 yr follow-up.

CATEGORY E: INTERVIEW TYPE

<90% face-to-face

Blinded interviewers

CATEGORY F: PROXY RESPONDENTS

>10% proxy respondents

CATEGORY G: SAMPLE SIZE

Number of deaths in cohort mortality studies;
numbers of total cancer incidence studies;
numbers of exposed cases and prevalence of
exposure in case-control studies

TCE exposed subcohort—391 total deaths, 121 cancer deaths.

CATEGORY H: ANALYSIS

Control for potential confounders in statistical
analysis

SMR analysis restricted to male hourly test stand mechanics using U.S. population
rates as referent—no adjustment of potential confounders other than age and
calendar-year.

Cox proportional hazard models examining TCE exposure adjusted for birth year,
year of hire and potential hydrazine exposure. Race was not included in Cox
proportional hazard analysis.

Statistical methods

SMR analysis and Cox proportional hazard.

Exposure-response analysis presented in
published paper

Duration of exposure (employment): 2-sided tests for linear trend.

Documentation of results

All analyses are not presented in published paper. Follow-up correspondence of C
Scott, U.S. EPA, to J. Boice, of 12-31-06 and 02-28-07 remain unanswered as of
November 15, 2007.

*Zhao et al. (2005), whose study period and base population overlaps that of Boice et al. (2006a), identified a larger number of subjects with potential TCE
exposures; 2,689 subjects with TCE score > 3, a group having medium to high cumulative TCE exposure.




B.3.1.1.1.2. University of California at Los Angeles (UCLA) studies of Rocketdyne workers.
B.3.1.1.1.2.1. Krishnadasan et al. (2007).
B.3.1.1.1.2.1.1. Author’s abstract.

Background To date, little is known about the potential contributions of
occupational exposure to chemicals to the etiology of prostate cancer. Previous
studies examining associations suffered from limitations including the reliance on
mortality data and inadequate exposure assessment. Methods We conducted a
nested case-control study of 362 cases and 1,805 matched controls to examine the
association between occupational chemical exposures and prostate cancer
incidence. Workers were employed between 1950 and 1992 at a nuclear energy
and rocket engine-testing facility in Southern California. We obtained cancer
incidence data from the California Cancer Registry and seven other state cancer
registries. Data from company records were used to construct a job exposure
matrix (JEM) for occupational exposures to hydrazine, trichloroethylene (TCE),
polycyclic aromatic hydrocarbons (PAHs), benzene, and mineral oil.
Associations between chemical exposures and prostate cancer incidence were
assessed in conditional logistic regression models. Results With adjustment for
occupational confounders, including socioeconomic status, occupational physical
activity, and exposure to the other chemicals evaluated, the odds ratio for
low/moderate TCE exposure was 1.3; 95%CI=0.8 to 2.1, and for high TCE
exposure was 2.1; 95%CI=1.2 to 3.9. Furthermore, we noted a positive trend
between increasing levels of TCE exposure and prostate cancer (p-value for
trend=0.02). Conclusion Our results suggest that high levels of TCE exposure
are associated with prostate cancer among workers in our study population.

B.3.1.1.1.2.2. Zhao et al. (2005).
B.3.1.1.1.2.2.1. Author’s abstract.

Background A retrospective cohort study of workers employed at a California
aerospace company between 1950 and 1993 was conducted; it examined cancer
mortality from exposures to the rocket fuel hydrazine. Methods In this study, we
employed a job exposure matrix (JEM) to assess exposures to other known or
suspected carcinogens—including trichloroethylene (TCE), polycyclic aromatic
hydrocarbons (PAHs), mineral oils, and benzene—on cancer mortality
(1960—2001) and incidence (1988-2000) in 6,107 male workers. We derived
rate- (hazard-) ratios estimates from Cox proportional hazard models with time-
dependent exposures. Results High levels of TCE exposure were positively
associated with cancer incidence of the bladder (rate ratio (RR): 1.98, 95%
confidence interval (CI) 0.93—4.22) and kidney (4.90; 1.23-19.6). High levels of
exposure to mineral oils increased mortality and incidence of lung cancer (1.56;
1.02-2.39 and 1.99; 1.03-3.85), and incidence of melanoma (3.32; 1.20-9.24).
Mineral oil exposures also contributed to incidence and mortality of esophageal
and stomach cancers and of non-Hodgkin’s lymphoma and leukemia when
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adjusting for other chemical exposures. Lagging exposure measures by 20 years
changed effect estimates only minimally. No associations were observed for
benzene or PAH exposures in this cohort. Conclusions Our findings suggest that
these aerospace workers who were highly exposed to mineral oils experienced an
increased risk of developing and/or dying from cancers of the lung, melanoma,
and possibly from cancers of the esophagus and stomach and non-Hodgkin’s
lymphoma and leukemia. These results and the increases we observed for TCE
and kidney cancers are consistent with findings of previous studies.

B.3.1.1.1.2.3. Study description and comment. The source population for Krishnadasen et al.
(2007) and Zhao et al. (2005) 1s the UCLA chemical cohort of 6,044 male workers with 2 or
more years of employment Rocketdyne between 1950 and 1993, who engaged in rocket testing
at SSFL before 1980 and who have never been monitored for radiation. Zhao et al. (2005)
examined cancer mortality between 1960—2001, an additional 7 years from earlier analyses of
the chemical subcohort (Morgenstern et al., 1999; Ritz et al., 1999), and cancer incidence
(5,049 subjects) between 1988—2000, matching cohort subjects to names in California’s Cancer
Registry and eight other state cancer registries. Deaths before 1998 are coded using ICD, 9™
revision, and ICD-10 after this date; ICD-0 was used to code cancer incidence with leukemia,
lymphoma, and other lymphopoietic tumors grouped on the basis of morphology codes. A total
of 600 cancer deaths and 691 incident cancers were identified during the study period.

Krishnadasen et al. (2007) adopted a nested case-control design to examine occupational
exposure to several chemicals and prostate cancer incidence in a cohort which included the SSFL
chemically-exposed subjects and an additional 4,607 workers in the larger cohort who were
enrolled in the company’s radiation monitoring program. A total of 362 incident prostate
cancers were identified between 1988 and 12-31-1999. Controls were randomly selected from
the original cohorts using risk-set sampling and a 5:1 matching ratio on age at start of
employment, age at diagnosis, and cohort.

Both studies are based on the same exposure assessment approach. Walk-through visits,
interviews with managers and workers, job descriptions manual, and historical facility reports
supported the development of a JEM with jobs ranked on a scale of 0 (no exposure) to 3 (highly
exposure) on presumptive exposure reflecting relative intensity of that exposure over 3 temporal
periods: 1950—1960, 1970s, 1980—1990. Of the 6,044 subjects, 2,689 had TCE exposure scores
of >3 and 2,643 with an exposure score 3 or greater for hydrazine. Workers with job titles
indicating technical or mechanical work on rocket engines were presumed to have high
hydrazine rocket fuel exposure and high TCE exposure, which was used in cleaning rocket
engines and parts. Although fewer subjects had exposure to benzene (819 subjects) or mineral

oil (1,499 subjects), a high percentage of these subjects were also exposed to TCE. TCE use was
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widespread at the facility and other mechanics, maintenance and utility workers, and machinists
were presumed as having exposure. No details were provided for job titles other than rocket test
stand mechanics for assigning TCE exposure intensity and historical trends in TCE usage. Air
monitoring data was absent for any chemicals prior to 1985 and investigators could not link
study subjects to specific work locations and rocket-engine test stands. As a result, exposures
were probably substantially misclassified, particularly those with low to moderate TCE
exposure. Cumulative intensity score was the sum of the job-and time-specific intensity score
and years in job. Exposure classification was assigned blinded to survival status and cause of
death.

Proportional hazards modeling in calendar time with both fixed and time-depend
predictors was used by Zhao et al. (2005) to estimate exposure effects on site-specific cancer
incidence and mortality for a combined exposure group of medium and high exposure intensity
with workers with no to low exposure intensity as referents. Variables in the proportional hazard
model included time since first employment, socioeconomic status, age at diagnosis or death, and
exposure to other chemical agents including benzene, polycyclic aromatic hydrocarbons (PAHs)
mineral oil, and hydrazine. Krishnadasen et al. (2007) fit conditional logistic regression model
to their data adjusting of cohort, age at diagnosis, occupation physical activity, socioeconomic
status and all other chemical exposure levels. Both publications include exposure-response
analysis and present p-values for linear trend. Race was not controlled in either study given the
lack of recording on personnel records. Smoking histories was available for only a small
percentage of the cohort; for those subjects reporting smoking information, mean cumulative
TCE score did not differ between smokers and nonsmokers.

This study develops semiquantitative exposure levels and is strength of the exposure
assessment. However, potential for exposure misclassification exists and would be of a
nondifferential direction. Rocket engine test stand mechanics had likely exposure to TCE,
kerosene, and hydrazine fuels; no information is available as to exposure concentrations.
Statistical analyses in both Zhao et al. (2005) and Krishnadansan et al. (2007) present risk
estimates for TCE that were adjusted for these other chemical exposures. Other strengths of this
study include a long follow-up period for mortality, greater than an average time of 29 years of
which 16 at SSFL, use of internal referents and the examination of cancer incidence, although
under ascertainment of cases is likely given only 8 state cancer registries were used to identify

cases and incidence ascertained after 1981, 40 years after the cohort’s initial definition date.
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Krishnadasan A, Kennedy N, Zhao Y, Morgenstern H, Ritz B. 2007. Nested case-control study of occupational chemical
exposures and prostate cancer in aerospace and radiation workers. Am J Ind Med 50:383—-390.

Description

CATEGORY A: STUDY DESIGN

Clear articulation of study objectives or
hypothesis

Nested case-control study of the UCLA chemical and radiation cohorts (Morgenstern
et al., 1997, 1999) to assess occupational exposures including TCE and prostate
cancer.

Selection and characterization in cohort
studies of exposure and control groups and of
cases and controls in case-control studies is
adequate

4,607 radiation cohort + 6,107 Santa Susana chemical cohort (Ritz et al., 1999; Zhao
et al., 2005), excluded 1,410 deaths before 1988 (date of cancer incidence follow-up).
Incident prostate cancer cases identified from eight State cancer registries (California,
Nevada, Arizona, Texas, Washington Florida, Arkansas, and Oregon). Controls were
randomly selected from the original cohorts using risk-set sampling.

362 cases and 1,805 controls (100% participation rate).

CATEGORY B: ENDPOINT MEASURED

Levels of health outcome assessed

Prostate cancer incidence.

Changes in diagnostic coding systems for
lymphoma, particularly non-Hodgkin’s
lymphoma

CATEGORY C: TCE-EXPOSURE CRITERIA

Exposure assessment approach, including
adoption of JEM and quantitative exposure
estimates

TCE exposure assigned to cases and controls based on longest job held at company as
identified from personnel records. Cumulative exposure—ranked exposure intensity
score for TCE by 3 time periods—using method of Zhao et al. (2005).

Blinded ranking of exposure status.

CATEGORY D: FOLLOW-UP (COHORT)

More than 10% loss to follow-up

>50% cohort with full latency
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CATEGORY E: INTERVIEW TYPE

<90% face-to-face

Employment records were used to assign exposure. 734 subjects (249 cases and

485 controls, or 33% of all cases and controls) were interviewed via telephone or sent
a mailed questionnaire to obtain medical history, education and personal information
on physical activity level and smoking history.

Blinded interviewers

CATEGORY F: PROXY RESPONDENTS

>10% proxy respondents

No proxy interviews.

CATEGORY G: SAMPLE SIZE

Number of deaths in cohort mortality studies;
numbers of total cancer incidence studies;
numbers of exposed cases and prevalence of
exposure in case-control studies

Any TCE exposure: 135 cases (37%) and 668 controls (37%).
High cumulative TCE exposure: 45 cases (12%) and 124 controls (7%).

CATEGORY H: